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Abstract
Baud, Donald Reon. PhD. University of Memphis. December 2012. Leaf and
Root Responses of Three Wetland Tree Species to Anthropogenic-generated
Stressors. Major Professor: S. Reza Pezeshki.
Published research to date has shown that anthropogenic-generated
stressors, such as increased ultraviolet-B exposure, higher temperatures and the
concomitant increase in herbivorous insect populations, as well as increased
copper and ethanol contamination, are having a negative impact on plant growth
and survival. However, there is a lack of data on the morphological and
physiological responses woody wetland species.
This series of independent, but related, experiments will focus on Salix nigra,
Acer negundo, and Quercus phellos, important members of southeastern U.S.
bottomland hardwood forests, and elucidate the impacts on these species due to
anthropogenic-generated stressors.
S. nigra responded to elevated ultraviolet-B exposure with a decrease in total
biomass and by increasing aerenchyma tissue development, an anatomical
change known to be associated with stress. S. nigra had a similar response to
copper, with aerenchyma tissue increasing, while total biomass decreased.
Copper exposure also shifted resource allocation to the shoot system, at least
partially as a result of increased foliage production. No interaction was found
between UV-B and copper exposure.
S. nigra responded to increased soil temperature by increasing aerenchyma
tissue development while net photosynthesis, transpiration rate, and stomatal
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conductance decreased. The response of Q. phellos to higher soil temperatures
was similar except foliage production increased.
Q. phellos responded to an increase in herbivory with a decrease in net
photosynthesis and increased foliage production. A concomitant shift in resource
allocation resulted in an overall decrease in shoot biomass. An interactive effect
was found for temperature and herbivory indicating higher soil temperature with a
concomitant increase in herbivory has a greater negative impact on wetland tree
seedling survival than either stressor along.
The response of Q. phellos and A. negundo to root-zone ethanol was a
decrease in both net photosynthesis and transpiration rate. Q. phellos, A.
negundo, and S. nigra shifted resource allocation to the roots in response to rootzone ethanol, however, aerenchyma development increased only in S. nigra and
A. negundo.
Scanning electron microscopy of S. nigra adventitious root tips determined
aerenchyma development is expansigenous for this wetland tree.
Enhanced growth and survival were the results of soaking S. nigra and A.
negundo cuttings in dilute sucrose solutions prior to planting, indicating this is a
useful tool in wetland remediation projects involving the reintroduction of these
two wetland tree species.
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Preface
This dissertation is presented as eight separate but related chapters:
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Chapter 3: Published as D.R. Baud and S.R. Pezeshki. 2012. Root and Leaf
Changes in Salix nigra Cuttings in Response to Increasing Soil Temperature.
Journal of Soil Science and Environmental Management 3:136-141.
Chapter 4: Submitted as D.R. Baud and S.R. Pezeshki. Response of Quercus
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Chapter 1
Introduction
Anthropogenic-generated stressors are affecting plant species globally
(Chambers et al. 2011; Huntley 1991; Memmott et al. 2007; Parmesan 2005;
Parmesan and Galbraith 2004; Pounds et al. 2005; Root and Hughes 2005;
Thomas 2005; Walther et al. 2002). Some of these stressors, such as increases
in carbon dioxide (CO2), ozone (O3), and nitrogen (N) (Aber et al. 2001), are
associated with climate change, which has been documented on every continent
(Badeck et al. 2004; Parmesan 2005; Parmesan and Galbraith 2004; Pounds et
al. 2005; Root and Hughes 2005; Thomas 2005; Walther et al. 2002). The
changing climate is altering interactions between species and their environment,
and the limited mobility of some species compared to others is having a wideranging affect on species distribution and survival (Edwards and Richardson
2004; Parmesan 1996; Thuiller et al. 2005).
While these stressors can also affect both plant physiology (Gedney et al.
2006) and geologic processes (Labat et al. 2004), other stressors pollute aquatic
systems and still others can be classified as secondary stressors – those not
directly related to man, such as the increase in insect herbivores.
Climate change is pushing plant and animal seasonal migrations towards
higher latitudes and elevations (Allen et al. 2010; Badeck et al. 2004: Forister et
al. 2010; Hughes 2000; Kullman 2001; Lenoir et al. 2008; Lescop-Sinclair and
Payette 1995; Meshinev et al. 2000; Moiseev and Shiyatov 2003; Parmesan
2003; Parmesan and Yohe 2003; Walther et al. 2002, 2005; Wardle & Coleman
1992) which affects both species distribution and abundance (Daniels et al. 2011;
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Edwards and Richardson 2004; Hughes 2000; McGowan et al. 1998; Parmesan
1996; Santisteban et al. 2011). This shift in geographic distribution rather than in
situ evolution in response to climatic change (Davis and Zabinski 1992) will likely
impact species survival (Thomas et al. 2004). Plant species will be especially
impacted as migration is inhibited by both habitat fragmentation and land use
practices (Higgins et al. 2003a, 2003b).
The response to climate change has been longer growing seasons, which
are more pronounced in temperate regions (Aber et al. 2001), and is evidenced
by both advanced bud set and flowering times of many plant taxa since the
1980s (Harrington et al. 2010; Korner and Basler 2010; Menzel and Fabian
1999). In Japan cherry trees (Prunus serrulata) are flowering earlier (Menzel and
Dose 2005) and in Europe the grape harvest is earlier (Menzel 2005). Earlier
springs have resulted in the lengthening of the growing season by more than 10
days between 1953 and 1993 (Menzel 2000), with an estimated average
lengthening of 1.1 to 4.9 days/decade since 1951 (Menzel et al. 2003).
The current temperature, the warmest in 12,000 years, has been increasing
at a rate of 0.20C/decade for the last three decades (Hansen et al. 2006) and has
resulted in changes in both species distributions and abundances (Hughes 2000;
McGowan et al. 1998; Parmesan 1996). Further, evidence indicates the Earth’s
climate will likely continue to change over the next 50-100 years (IPCC, 1996)
with global temperature increasing by as much as 5.80 C by the end of this
century, as compared to 1990 temperatures (IPCC, 2001). With northern
latitudes expected to see a greater temperature increase than more southern
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regions (Flenley 1998; Hulme et al. 1999), Adams et al. (2009) have predicted an
increase of approximately 40C in these more temperature-sensitive latitudes
would increase the frequency of tree die-off events in these regions by 400%.
Climate change also affects precipitation patterns, and because the main
determinants in plant distribution and growth are differences in mean average
precipitation and temperature (Aber et al. 2001; Hoegh-Guldberg 1999, 2005b;
Hoegh-Guldberg and Pearse 1995; Parmesan 2005), Adams et al. (2009) further
predicts plant species capable of migrating will respond to global climate change
with large-scale biogeographical shifts. However, other researchers report that
while in the past trees were able to adjust to climatic warming by migrating
(Jacobson and Dieffenbacher-Krall, 1995) today’s temperature increase is
occurring too rapidly for some species to respond (Aitken et al. 2008; Flenley
1998; Gugger et al. 2010; Mohan et al. 2009).
If migration is not an option, some plants can adapt to changing temperature
by altering photosynthetic and respiration rates (Lambers et al. 1998). However,
species respond differently as in northeastern Colorado where the average
temperature has increased 1.30 C since 1970. In this western state Alward et al.
(1999) reported a significant decline in the annual net primary productivity of a
grass species while concomitantly broadleaf plants have increased productivity in
response to increasing temperature. Overall, the effect of increased temperature
on photosynthetic processes at temperate latitudes is probably adaptive (Saxe et
al. 2001) due to increases in photosynthetic pigments as temperature increases
(Michelsen et al. 1996; Ormrod et al. 1999). However, if temperatures exceed the
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maximum for protein functioning photosynthesis is adversely affected (Berry and
Bjorkman 1980). Also, not all temperature increases are equal.
Increases in average nighttime temperatures may be more beneficial than an
equivalent increase in daytime average temperatures. Germino and Smith (1999)
reported that a 10C average increase in nighttime temperature allowed seedlings
to avoid photoinhibition which resulted in a photosynthetic increase of > 600%.
However, there is a trade-off because as higher temperatures stimulate
photorespiration net photosynthesis tends to be reduced (Long 1991). It must
also be remembered that different species respond differently to warming
(Battaglia et al. 1996; Sun and Sweet 1996), including increases in soil
temperature (Brand 1990; Graves and Aiello 1997).
At the regional level, modeling has indicated climatic change could cause
declines in the Mississippi River drainage affecting both volume and discharge
due to declines in average annual runoff, possibly as much as 20%, as a result of
increased transpiration rates (Abers et al. 2001). Because flooding regimes, of
varying depths and durations, impose selection pressures for various traits in
terrestrial wetland plants (Colmer and Voesenek 2009), what affects the
Mississippi River also affects its associated bottomland hardwood forests.
Abiotic factors associated with climate change can also influence biotic
factors, such as herbivory. An increase in insect herbivores is concomitant with
increasing temperatures and an increase in herbivory could affect both the
productivity and diversity of the southeastern bottomland hardwood forests
(Logan et al. 2003; Massad and Dyer 2010). The above is just an indication of
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how a variety of anthropogenic factors can not only interact with each other but
also interact with biotic components of the environment to influence climate
change and negatively impact woody species. The following pages will examine
a select variety of anthropogenic factors impacting woody species of
southeastern bottomland hardwood forests.
1

Abiotic influences on bottomland hardwood forest species

1.1 Ultraviolet-B radiation
Ultraviolet-B (UV-B) radiation (280 nm – 320 nm) is an ubiquitous abiotic
stressor (Hader and Worrest 1996) that has increased in intensity (Caldwell et al.
1989) due to the decline in atmospheric ozone (Bojkov and Fioletov 1996;
Madronich et al. 1998). While the release of O3-destroying chemicals has
declined (McFarland and Kaye 1992), reduced O3 conditions due to
anthropogenic causes remain (Sullivan et al. 1994) and are not expected to
return to pre-ozone hole levels until the mid-21st century (Tucker and Williamson
2011). UV-B intensity increases as both elevation and latitude increase, in spite
of the natural gradient in the ozone (O3) layer that reaches its thickest at the
poles (Caldwell et al. 1989), making these high altitude and high latitude regions
the hardest hit by ozone thinning.
While UV-B exposure adversely affects many plant species (Deckmyn et al.
2001), species differ in their response (Sullivan et al. 1994), which is influenced
by both a plant’s developmental history and its environment. Understandably,
from an evolutionary viewpoint, plants from areas exposed to naturally high UV-B
intensities tend to be less sensitive than plants from areas receiving lower
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intensities of UV-B (van de Staaij et al. 1995). This is a possible explanation for
why over half of the species studied for responses to UV-B exposure have been
conifers while only a few broadleaf species have been investigated (Sullivan et
al. 1994).
While the primary targets for UV-B are the nucleic acids and photosynthetic
proteins found in leaves (Day 1993), UV-B exposure is limited by leaf reflectance,
absorption by the epidermis and phenolic compounds (Day 1993; Larcher 2001;
Schnitzler et al. 1997). The concentration of UV-B absorbing compounds is an
important factor in UV-B protection (Day 1993; Day et al. 1994; Flint et al. 1985;
van de Staaij et al. 1995) in that UV-B exposure likely induces evolution toward
increase in the concentration of flavonoids, and other UV-B absorbing
compounds, in dicots (Adamse et al. 1997; Flint et al. 1985; Middleton and
Teramura, 1993; Searles et al. 1995; van de Staaij et al. 1995), Norway spruce
(Picea abies) (Hogue and Remus 1999) and in the cuticle of woody species
(Krauss et al. 1997). Woody species tend to accumulate flavonols in the cuticle
because flavonol formation is linked with lignification (Bate-Smith 1962) while
herbaceous species tend to accumulate flavones (Harborne 1973). This
difference in protective compounds may explain the decrease in UB-B
absorbance in woody species as wavelengths increase whereas the peak in
absorbance in herbaceous species is between 320 – 330 nm (Day et al. 1994).
However, although UV-B absorbing pigments increase there is no significant
difference in chlorophyll a, b or carotenoid concentrations.
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Nevertheless, significant UV-B radiation penetrates these defenses causing
changes in plant morphology, protective pigment content, and gene-activation
(Caldwell et al. 1998). Furthermore, UV-B sensitivity is greater in plants defective
in the synthesis of the secondary metabolites than in wild types (Reuber et al.
1996).
Blocking UV-B exposure has been shown to enhance biomass accumulation
in some woody broadleaf species (Bogenrieder and Klein 1982) while increased
growth in plants grown under ambient levels of UV-B, as compared to low or no
UV-B exposure, has also been reported (Deckmyn and Impens 1998; Stepanou
and Manetas 1998; Tosserams and Rozema 1995). In some species exposure to
low levels of UV-B may enhance stress tolerance (Poulson et al. 2002) without
affecting growth (Allen et al. 1998), for example, enhancing drought tolerance in
woody species by increasing cuticle thickness (Manetas et al. 1997; Petropoulou
et al. 1995).
Species differ in their response to UV-B exposure in regards not only to
biomass, but also in leaf size. Conifers respond to high UV-B intensity with
reduced biomass and seedling height (Naidu et al. 1993; Sullivan and Teramura
1989, 1992; Yakimchuk and Hoddinott 1994), leaf curling (Krol et al. 2000),
increased leaf thickness and width (Nagel et al. 1998; Sullivan et al. 1996), and
decreased needle length (Laakso et al. 2000). Likewise Brassica (Alenius et al.
1995), cucumber (Cucumis sativus) (Landry et al. 1997) and other crop species
(Mepsted et al. 1996) had a decrease in biomass in response to UV-B exposure.
Excluding UV-B increased the number of flowers and the dry weight of the flower
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in white clover (Trifolium repens) (Deckmyn et al. 2001), and in other species
excluding UV-B increased both biomass and leaf size (Adamse et al. 1997;
Krizek et al. 1997). However, Dillenburg et al. (1995) reported UV-B exposure did
not significantly alter biomass nor leaf area in broadleaf trees; but, unlike other
studies where all leaves were measured here only a few midseason leaves were
analyzed.
Nogues et al. (1998) reported that while the number of leaves produced by a
plant is not significantly affected by UV-B exposure, leaf size was effected,
another indication that UV-B exposure inhibits cell expansion (Ballare et al. 1991,
1995; Liu et al. 1995) by possibility by changing turgor pressure or cell wall
extensibility (Murali and Taramura 1986). UV-B exposure induced a decline in
indoleacetic acid (IAA) concentration and an increase in abscisic acid
concentration in rice (Zhang et al. 1994). As IAA regulates cell elongation (Tevini
et al. 1990) its decrease helps to explain declines in growth associated with UV-B
exposure.
Although UV-B exposure affected numerous leaf parameters, in some
conifers there was no significant effect on stomatal density (Stewart and
Hoddinott 1993). However, Douglas-fir (Pseudotsuga menziesii) seedlings
exposed to UV-B radiation experienced a decline in stomata frequency when
compared to seedling shielded from UV-B exposure (Poulson et al. 2002).
While stomatal frequency on upper leaf surfaces of some broadleaf species
increased in response to UV-B exposure, there was no change in the stomatal
index, which indicates there was a reduction in cell expansion (Nogues et al.

8

1998). UV-B exposure can also modify the speed of stomatal opening and
closing by directly inhibiting K+ accumulation by guard cells (Wright and Murphy
1982) thus altering stomatal conductance which can lead to an inhibition of
photosynthesis (Correia et al. 1999; Day and Vogelmann 1995; Nogues et al.
1999; Schumaker et al. 1997).
Photosynthetic capacity was reported to decline in young jack pine (Stewart
and Hoddinott 1993), in marine diatoms (Cullen and Lessen 1991; Nilawati et al.
1997) and in phytoplankton (Nielsen and Ekelund 1995) in response to UV-B
exposure. Although Stewart and Hoddincott (1993) reported UV-B exposure
resulted in a decline in Rubisco activity and concentration in jack pine, other
researchers reported Rubisco activity increased in response to UV-B exposure
(Allen et al. 1997; Baker et al. 1997; Lal and Edwards 1996). Zhao et al. (2004)
reported net photosynthesis declined in cotton leaves exposed to high levels of
UV-B, possibly a result of light intensities that exceed the maximum useable
within photosystem II (PS II) and therefore inducing photoinhibition (Ogren and
Oquist 1985). Furthermore, Bhandari and Sharma (2006) reported that UV-B
exposure affected the PS II reaction center and antenna. UV-B exposure has
been reported to be essential for grana stacking (Yu and Born 1999), which
offers insight into how ambient UV-B effects PS II efficiency in shade-acclimated
tree seedlings (Krause et al. 1997). While UV-B has also been shown to stabilize
thylakoids under high temperatures (Nedunchezhian and Kulandaivelu 1993),
Fagerberg and Bornman (2005) found exposure to UV-B in excess of ambient
levels caused changes in thylakoid stacks, and also caused a significant decline
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in chloroplast, starch, and mitochondrial density in palisade cells. In contrast,
Dillenburg et al. (1995) reported higher chlorophyll concentrations in leaves
exposed to high UV-B intensities.
Irrespective of the type of change in leaf chemistry occurring as a result of
UV-B exposure, plant-herbivore interactions may be affected. Alton et al. (2010)
found UV-B can interact synergistically with foliage predation, and perhaps other
biological stressors. Alterations to canopy morphology (such as changes in
branching patterns) could interfere with competitive interactions (e.g. Barnes et
al. 1990; Ryel et al. 1990; Sullivan et al. 1994) and effect timber quality (Sullivan
et al. 1994).
While both field and laboratory studies often indicate differences in sensitivity
to UV-B exposure (Dillenburg et al. 1995), plants naturally occurring in
environments exposed to higher UV-B intensities show less sensitivity, possibly
due to repair mechanisms mediated by visible radiation and UV-A (Fernbach and
Mohr 1992). For example, the major damage caused by UV-B exposure is the
formation of dimers (Landry et al. 1997) which deform the DNA helix and thus
interfere with both replication and transcription and are ultimately lethal to cells
however, in some species dimers are repaired by photolyase using blue light
(400 – 500 nm) as an energy source.
1.2 Copper
Increased UV-B exposure is not the only threat to wetland woody species.
Contact with anthropogenic toxicants, such as copper (Cu), is becoming more
and more common in aquatic environments (Preston et al. 1999). Cu deposition
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can occur in aquatic systems through atmospheric pathways (Rowe et al. 2001)
as well as from commercial applications to control cyanobacterial blooms (Horne
and Goldman 1974; McKnight 1981) and has been reported from 1.0 µg/L to
280µg/L (McKnight 1981; Meador et al. 1993) in non-treated freshwater habitats.
Elder and Horne (1978) reported that Cu at concentrations between 0.08 µmol/L
to 0.16 µmol/L resulted in a significant decline in chlorophyll a levels and
photosynthesis. Cu in its ionic form is highly correlated with toxicity (SteemanNielsen and Wium-Andersen 1970; Shaw and Brown 1974; Meador 1991)
however, both carbonate complexes (Chakoumakos et al. 1979) and organic
complexes generally lower Cu toxicity (Borgmann and Ralph 1984). Cu
availability can be seasonal. In winter when pH and dissolved organic carbon
(DOC) are at a minimum in lakes, Cu may be desorbed from sediments and
detritus making it available and increasing its toxicity (Meador et al. 1993).
While the chemical nature of Cu is not changed by UV-B exposure (Liess et
al. 2001), there is an interactive effect between Cu and UV-B in amphibians
(Baud and Beck 2005), between Cu and pathogenic fungus in amphibians (Parris
and Baud 2004), and between UV-B and resource shortages in amphipods when
exposed to Cu (Liess et al. 2001). While these interactive effects could lead to
changes in community structure (Hader et al. 1998), some woody species, such
as Salix, can accumulate > 1 g Cu/Kg dry tissue weight (Ali et al. 2003), making
them useful in phytoremediation (Ali et al. 2003). However, no research has been
conducted on possible interactive effects between Cu and other abiotic stressors
on wetland plant species, such as ethanol.
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1.3 Ethanol
As a component of blended gasoline and ethanol, ethanol is ending up in
terrestrial and wetland ecosystems as a result of spills where it has a negative
affect on many plants and microorganisms due to its general toxicity (Hunt et al.
1997). Although the ethanol content of these tissues fluctuates seasonally, and in
response to changes in hydrology (Crawford and Baines 1977; Gladwin and
Kelsey 1997), it is always found in the root and shoot tissues of trees. Ethanol’s
presence in these tissues is indicative of a continual state of total or partial
anoxia (Crawford and Baines 1977), rhizospheric conditions that cause rapid
increases in alcohol dehydrogenase (ADH) activity in roots (John and Greenway
1976), as does dehydration, low temperature, and abscisic acid.
While early research suggested the rate-limiting enzyme involved in ethanol
biosynthesis under anoxic conditions to likely be pyruvate decarboxylase (Chang
et al. 1983), later research indicated ADH played this role. The induction of ADH,
a group of isozymes that catalyze the oxidation, and reduction, of primary and
secondary alcohols to aldehydes and ketones, is one survival mechanism plants
use under hypoxic or anoxic conditions (Chan and Burton 1992; Chung and Ferl
1999; Davies 1980; Drew 1997; Jackson et al. 1982; Saglio et al. 1980; Tadege
et al. 1999).
The synthesis of ethanol by plants is associated with stabilizing cytoplasmic
pH, thus protecting cells from further metabolic deterioration or injury by acidosis
(Roberts et al. 1984). The protection afforded by ethanol synthesis has been
recorded in the seeds of flood-tolerant Echinochloa crus-galli varieties where

12

hypoxic soil conditions accelerated glycolysis which resulted in the concomitant
production of large and equimolar quantities of carbon dioxide and ethanol. This
suggests flood-tolerant seeds shift to alcohol fermentation under anaerobic
conditions (Morimoto and Yamasue 2007). Comparing genotypes from flooded
habitats with those from drier sites found those genotypes adapted to hypoxic
soils developed aerenchyma without substantially elevating levels of alcohol
dehydrogenase (ADH) activity while plants from the drier sites did not develop
aerenchyma but had much higher levels of ADH activity. (Benz et al. 2007).
Waters et al. (1989) stated that transport of ethanol from root-to-shoot is
unlikely in absence of transpiration. However, Miller and Finan (2006) reported a
dilute ethanol solution applied to the roots of Narcissus tazetta caused dwarfing
and reduced leaf elongation without visible phytotoxicity to the roots. In
Lycopersicon esculentum, endogenous ethanol was synthesized in response to
exposure to exogenous ethanol and acted to inhibit fruit ripening (Beaulieu et al.
1997; Kelly and Salveit 1988). These examples indicate that ethanol, whether
endogenous or exogenous, or its breakdown products are transported through
the xylem and influences both growth and development. In further support,
MacDonald and Kimmerer (1993) reported that once ethanol has been
metabolized to acetaldehyde and acetate by ADH these breakdown products
enter the general metabolism where they are consumed via acetaldehyde and
acetyl CoA (Cossins 1978).
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2

Herbivory
As average global temperature increases in response to anthropogenic

factors, such as greenhouse gases, the population numbers of herbivorous
insects increase as more hospitable temperatures replace cold winter
temperatures, which in the past have kept these populations in check. Plant
response to herbivory is dependent upon environmental factors, such as water
stress (Honkanen et al. 1994; Simoes and Baruch 1991), and increasing
phenolics (Coley 1986; Coley and Aide 1991; Coley et al. 1985; Rossiter et al.
1988; Schultz 1988; Tuomi 1992; Tuomi et al. 1988). Many studies have focused
on plant defenses in responses to herbivory (e.g., Edmunds and Alstad 1978;
Ehrlich and Raven 1964; Gilbert 1971, 1975; Jones 1972; Lawton 1976; Roeste
et al. 1976) with a number of them utilizing simulated herbivory (e.g., Baldwin
1988; Kudo 1996; Smith et al. 1990; Zvereva and Kozlov 2001) as a tool.
Fajer et al. (1991) reported simulated herbivory, in presence of increased
CO2, resulted in compensatory foliage development. While Salix borealis and S.
caprea response to stimulated herbivory, combined with a polluted habitat, with a
decline in shoot growth (Zvereva and Kozlov 2001), Eichhorn et al. (2010) found
tropical trees had no significant change in growth rate or shoot height in
response to defoliation. Simulated herbivory of Fagus sylvatica L. resulted in a
higher photosynthetic capacity and corresponding larger leaves (Ayres et al.
2004). Researchers have found herbivory can result in either a decrease or
increase in photosynthetic activity, depending on species and environmental
conditions (Kolb et al. 1999; Pinkard et al. 2007; Turnbull et al. 2007).
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Mature trees are able to endure significant levels of defoliation (e.g. Candy et
al. 1992) while younger trees exhibit the greater response (Loch and Floyd
2001), which may reflect a higher level of stomatal conductance (gw) when
compared to older trees (Mencuccini and Grace 1996; Watson et al. 1999; Yoder
et al. 1994).
Herbivory can result in changes in leaf size (Ayres et al. 2004), and because
transpiration depends on leaf area there is an assumption that herbivory reduces
transpiration proportional to leaf area loss (Cunningham et al. 2009). However,
leaf herbivory can also substantially alter the transpiration stream by affecting
plant reproduction and growth (Cunningham et al. 2009). Leaf herbivory also
alters the microclimate around the remaining foliage (Pataki et al. 1998), which
can possibly affect catchment scale water use (Cornish and Vertessy 2001).
Furthermore, the net release of CO2 to the atmosphere resulting from foliage
herbivory could result in positive feedback and thus initiating a cycle that results
in ever increasing global temperatures (Schafer et al. 2010). The direct effect of
increasing temperature and increasing herbivory on southeastern bottomland
hardwood forest woody species can easily be heightened by changes in the flow
of the Mississippi River due to changes in evapotranspiration.
However, in regards to herbivory, there is a continuum of responses (Hjalten
et al. 1993) ranging from no effect (e.g., Karban and Courtney 1987), to
overcompensation (Cargill and Jeffries 1984), to increased fitness (Maschinski
and Whitham 1989) that makes predicting outcomes for communities less than
cut-and dry. Birches, for example, have been found to exhibit compensatory
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growth in response to the removal of apical dominance (Maschinski and Whitham
1989) due to the cost of maintaining apical dominance (Aarssen and Irwin 1991;
Blundell and Peart 2001), yet general defoliation resulted in a decline in biomass
production (Hjaiten et al. 1993). However, simulated herbivory resulted in
significant overcompensation for both oak species (Hattori et al. 2004) and for
Acacia drepanolobium (Gadd et al. 2001). Still other species respond to
herbivory by shifting resources to the roots (Schafer et al. 2010), a stress
response seen in numerous species.
2.1 Influences of herbivory on wetland habitats
2.1.1

Community composition

While herbivory in bottomland hardwood forests can be high, influencing
community composition, species competition, growth, and reproduction (Kulman
1971; Rausher and Feeny 1980; Rockwood 1973; Springett 1978; Wolda and
Forester 1978), the environmental heterogeneity of these wetland forests, with
their continuum of microhabitats, provide protection that is concomitant with the
quality of the various microhabitats (Coley 1983). This heterogeneity is partially
due to differences in community building in wetlands versus upland sites.
Community composition in upland sites is largely determined by colonization and
extinction events (Geertsema et al. 2002; Liira et al. 2008; MacArthur and Wilson
1967) while in wetlands it is the seasonal influx of water and sediment that
maintains the disturbance regime that is required for the colonization and survival
of species (Bendix and Hupp 2000; Poff et al. 1997). For example, bottomland
hardwood forests are flooded for most, or part, of the growing season. Because
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of their bordering waterways, that provide corridors for plant dispersal, frequent
disturbances, and numerous microhabitats (Gurnell et al. 2008), these wetland
forests have a greater biodiversity than found in associated upland sites (Naiman
et al. 2000; Salo et al. 1986a; Sparks et al. 1998).
Biodiversity is important because greater plant diversity generally results in
greater productivity (Tilman 2000) and this high productivity, with a concomitant
low decomposition rate, results in providing ecological services that include
erosion and flood control, life support, mediation of agricultural runoff, and
improved water quality (Brinson and Eckles 2011). Therefore, the major
delineators of species distribution and productivity in bottomland hardwood
forests are hydrology and soil moisture regimes (Taylor et al. 1990; van der Valk
1981) while extinction events are determined in part by physicochemical
conditions (Biggs et al. 2007; Davies et al. 2008), environmental stochasticity
(Davies et al. 2008), and anthropogenic factors (Bouldin et al. 2004).
The function and structure of wetland systems are being impacted globally by
human activities (Birgand et al. 2007; Chapin et al. 1997; Dudgeon et al. 2006;
Hughes 2000; Jackson et al. 2001; Parsesan and Yohe, 2003; Vitousek et al.
1997), such as drainage of land for agriculture (Huxman et al. 2005; Pierce and
Pezeshki 2009). These anthropogenic activities are altering the abundance and
existence of woody species, which in turn alters transpiration rates, which affects
surface and subsurface hydrology (Zhang et al. 2001). Although these hydrologic
changes have wide-ranging ecological impacts (Franklin et al. 2009; Shankman
1996), plants with the ability to make morphological or physiological adjustments,
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in response to environmental cues, are able to survive and reproduce (Benz et
al. 2007; Blom and Voesenek 1996; Visser et al. 1996). Furthermore, surviving
patches of natural landscape serve as sources for repopulating habitats
(Armitage et al. 2003; Boutin et al. 2003).
In regards to soil, the most important area for wetland plants is the rhizoplane
and rhizosphere because these are where the plants, microorganisms,
substrates come in direct contact, and physicochemical and biological processes
take place (Greenway 2007; Stottmeister et al. 2003; Weber et al. 2008). Plant
metabolic responses to flooding in the short-term involve the control of glycolysis,
the production of ethanol, and the accumulation of malate (Kozlowski 2002).
However, due to the inefficiencies of anaerobic respiration rapid growth cannot
be supported (Kozlowski and Pallardy 1997), in part due to inadequate energy
being released by the roots to uptake macronutrients in the amounts necessary
(Kozlowski 2002). Potassium (K) uptake by flooded roots is correlated with
available oxygen in the rhizosphere (Fisher and Stone 1990a, 1990b). In floodintolerant species there is a reduction in uptake of K and nitrogen under flooded
conditions (Dreyer et al. 1991) while absorption of minerals by flood-tolerant
species is affected less by flooding (Kozlowski and Pallardy 1984; McKevlin et al.
1998).
3.1 Wetland Plant Morphology/Anatomy
3.1.1 Adventitious roots
Plasticity in growth and metabolism, such as the development of adventitious
roots, is essential for survival in wetland species (Bailey-Serres and Voesenek
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2010). Adventitious roots develop from the shoot system instead of the root
system and are a major step in vegetative propagation (Klerk et al. 1999; Ricci et
al. 2008). Adventitious rooting enhances the survival of newly planted cuttings,
which depend on establishing water flow via transpiration, because they can
rapidly absorb water to replenish losses thus reducing water stress (Gilbertson
and Bradshaw 1990; Watson and Himelick 1997). Adventitious rooting is
important in flood-tolerance, especially following root mortality due to flooding
(Gibberd et al. 2001; Li et al. 2006; Malik et al. 2001).
Flood-tolerance probably depends on a combination of metabolic
characteristics, such as nitrate metabolism, sucrose degradation, fermentation
(Alaoui-Sosse et al. 2005), along with morphological traits such as adventitious
roots (Colin-Belgrand et al. 1991; Schmull and Thomas 2000). In contrast, floodintolerant species produce no or few adventitious roots after flooding (Sena
Gomes and Kozlowski 1980a; Tang and Kozlowski 1983) indicating a positive
correlation between adventitious root production and flood tolerance (McDonald
et al. 2001, 2002; Sena Gomes and Kozlowski 1980b). Adventitious rooting has
also been indicated in increased soil water (Jackson and Drew 1984; Tsukahara
and Kozlowski 1985) and mineral (Mergemann and Sauter 2000) uptake.
However, many physiological processes involved in flood-tolerance and the
resulting root hypoxia are poorly understood in trees (Kozlowski and Pallardy
2002; Kreuzwieser et al. 2004).
Adventitious root formation is induced by the hormones auxin and ethylene
(Haissig and Davis 1994), although gibberellins, cytokinins (Reid and Bradford
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1984), carbohydrates, nitrogenous compounds, and numerous cofactors are also
involved (Friend et al. 1994; Haissig and Davis 1994; Houle and Babeux 1998).
Ethylene, considered a stress hormone (Morgan and Drew 1997), is particularly
important for cell elongation (Millenaar et al. 2005; Pierik et al. 2004; Voesenek
et al. 2004) and the promotion of adventitious rooting (Drew et al. 1979). The
affects of ethylene on adventitious rooting varies among species from stimulatory
(Rioy and Yang 1989), to inhibitory (Geneve et al. 1990), and to no effect at all
(Batten and Mullins 1978).
Although nutrient uptake by roots depends upon the nutrient ratio in the
surrounding soil, pH, and redox conditions (Beyrouty 2002; Chen and Barko
1988; Koncalova 1990; Madsen and Cedergreen 2002), research has indicated
wetland plants with agreater number of adventitious roots, and thus larger root
surface areas, had higher nutrient removal rates and hence greater growth rates
(Cheng et al. 2009; Kyambadde et al. 2004). However, excessive nutrient can
hinder root development due to assimilated carbon being allocated for shoot
production over root production (Beyrouty 2003).
Hypoxic and anoxic soil conditions lead to the reduction of nitrogen,
manganese, iron, and sulfur in the rhizosphere, which can injure roots (Glinski
and Stepniewski 1985; Jackson and Drew 1984). Radial oxygen loss (ROL)
through adventitious roots can help to oxidize the rhizosphere (Armstrong et al.
1992; Castellanos et al. 1994; Hook and Brown 1973) which produces changes
in the immediate root environment (Callaway and King 1996; Seago et al. 2005)
by oxidizing reduced compounds (Pezeshki 2001) and detoxify potential toxins

20

synthesized by microbes, such as acetic and butyric acids (Kludze et al. 1994;
McKee et al. 1988). Both nitrifying and nitrogen fixing bacteria in the rhizosphere
is enhanced by ROL (Hoffman 1990; Ueckert et al. 1990) while methane efflux
from wetlands is reduced due to its oxidation and the inhibition of
methanogenesis (Armstrong and Armstrong 2001).
3.1.2

Aerenchyma tissue formation

Roots usually obtain oxygen for respiration from the rhizosphere, however,
under saturated soil conditions this oxygen transfer is effectively blocked as a
result of microbial respiration and soil air particles being displaced by water
(Drew et al. 2000). To help alleviate flood-induced oxygen deficiency many
wetland plants develop aerenchyma tissue (Blom and Voesenek 1996; Chen et
al. 2002; Visser et al. 1996), a specialized parenchyma tissue that forms air
passages to facilitate the transport of oxygen from aboveground portions of the
plant to its roots (Armstrong 1979; Colmer 2003; Grosse et al. 1991; Shannon et
al. 1996).
Aerenchyma tissue formation in the cortex (Justin and Armstrong 1987) can
be either lysigenous (resulting from programmed cell death [PCD]) (Bouranis et
al. 2003; Gunawardena et al. 2001) or schizogenous (cell walls pulling away from
each other thus creating an intercellular space) (Smirnoff and Crawford 1983).
The PCD of lysigenous development is typically a result of abiotic stresses (Dat
et al. 2003) such as sudden flooding (Gladish et al. 2006), and appears to be a
genetically controlled stress response that is usually adaptive (White 1996).
Schizogenous aerenchyma is developmentally regulated, developing
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independently of external stimuli (Evans 2003). Seago et al (2000) described a
third type of development; expansigenous aerenchyma results from the
differential expansion of the cells lining intercellular spaces. Aerenchyma is also
referred to as either facultative, developing in response to stressors, or
constitutively (occurring as a part of normal development) (Evans 2004).
Aerenchyma formation can occur within rhizomes, roots, nodules,
submerged leaves, and stems (Armstrong et al. 1994; Drew 1997; Drew et al.
2000; Gibberd et al. 2001; He et al. 1996; Justin and Armstrong 1987; Schussler
and Longstreth 2000). The areas undergoing active aerenchyma development
are those associated with ethylene biosynthesis (Drew et al. 1979; He et al.
1996; Jackson and Attwood 1996; Parlanti et al. 2011; Zook et al. 1986), a
process initiated by hypoxic or anoxic conditions within a plant’s roots.
Ethylene is particularly important for regulating processes such as cell
elongation (Millenaar et al. 2005; Pierik et al. 2004; Voesenel et al. 2004), cell
expansion, and PCD (Visser and Bogemann 2006). The first step in ethylene
production is oxygen stress and its resultant decline in ATP generation (Dat et al.
2004) which in turn initiates a shift from aerobic respiration to anerobic
fermentation. In lysigenous aerenchyma development this hypoxia then induces
1-aminocyclopropane-1-carboxylic acid (ACC) synthase followed by ACC
oxidase which results in ethylene production and selective cell death (Drew et al.
2000). During this process, except for approximately 20 anaerobic proteins of
which some are involved in fermentation and glycolysis, protein synthesis
declines (Chang et al. 2000). Calcium fluxes regulate several of these anaerobic
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proteins which are critically important in PCD (Dat et al. 2003) and thus for
aerenchyma development (Drew et al., 2000; Folzer et al. 2005; He et al. 1996).
In some species, such as Zea mays L., inducible genes may function in
aerenchyma formation (Subbaiah and Sachs 2003). Lee et al. (2011) reported
finding mRNAs induced by hypoxic conditions and associated with anaerobic
metabolism in shoot and root systems.
In soybeans adventitious roots and aerenchyma appear within the first few
days of flooding, with schizogenous aerenchyma development followed by
lygigenous (Thomas et al. 2005). With prolonged flooding secondary
aerenchyma, formed via successive cell divisions producing spongy parenchyma
tissue, gradually replaces cortical aerenchyma (Shimamura et al. 2003; Thomas
et al. 2005). There is an apparent temperature effect on aerenchyma
development. In peas grown hydroponically, aerenchyma development was
observed at 250C but not at 100C (Gladish et al. 2006).
Nutrient stress, such as N, P, and K deficiencies (Drew et al. 1989; Postma
and Lynch 2011a), induce aerenchyma development. In low-P soils aerenchyma
is involved in remobilizing P from the root cortex, thus reducing the costs of soil
exploration (Postma and Lynch 2011b).
Aerenchyma development in S. nigra is constitutive, meaning aerenchyma
formation occurs even under nonflooded conditions (Li et al. 2006; Smirnoff and
Crawford 1983). Yet, oxygen stress on Salix cuttings due to waterlogging
enhanced aerenchyma development in the upper roots (Jackson and Attwood
1996). Perhaps a partial explanation for constitutive aerenchyma development in
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Salix species is the involvement of factors other than ACC synthase or ACC
oxidase induction (Mano et al. 2006).
Increase in flooding events associated with climate change is detrimental to
most plant species, affecting both species distribution and crop yield (BaileySerres and Voesenek 2008). In many wetland species aerenchyma formation,
which in turn can induce the development of lenticels on the submerged portion
of roots and stems to further facilitate oxygen uptake (Mielke et al. 2003; Topa
and McLeod 1986), gives these species a survival advantage. Another survival
advantage is the involvement of aerenchyma in the removal of phytotoxins
(specifically methane and ethanol) that are produced in the roots under flooded
conditions (Visser at al. 1997, 2000).
As aerenchyma tissue develops root porosity increases (Laan et al. 1989;
Armstrong et al. 1994), therefore, measuring changes in porosity is a useful
indicator of aerenchyma development.
3.2 Wetland Plant Physiological functioning
3.2.1 Stomata
Transpiration is the major force in moving moisture from the rhizosphere,
through the plant, and into the atmosphere (Eamus et al. 2006). One of the major
structures involved in this process are the stomata. These openings in the leaf
epidermis apparently evolved about 400 million years ago for the uptake of CO2,
and possibly as a way of initiating transpiration and therefore induce water and
mineral flow through the plant (Edwards 1998). Further evolution has led to the
evolution of guard cells as specialized sense organs responding to both internal
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signals and environmental factors (Davies and Zhang 1991; Mansfield 1986) that
help the plant balance gas exchange while limiting water loss by controlling the
stomatal opening (Mansfield 1998).
One of the most important hormones for regulating the stress response of
stomata, through regulation of the stomatal opening, is abscisic acid (ABA) (e.g,
Assmann and Shimazaki 1999; Schroeder et al. 2001). Produced by roots under
stress, when ABA reaches the plasma membrane of guard cells it initiates an
increase in cytosolic Ca2+ concentration (McAinsh et al. 1997). Ca2+ functions as
a secondary messenger and as such induces stomatal closure (Else et al. 1996;
Zhang and Davies 1990). Increases in Ca2+ are also triggered by increased
carbon dioxide (CO2) concentrations, and auxin, which acts antagonistically to
ABA and CO2 (Irving et al. 1992; Snaith and Mansfield 1982).
Stomata, along with the amount of foliage, control water flow through plants,
from its uptake by the roots to its loss from the leaf as vapor to the environment.
While maximum stomatal conductance (gmax) varies greatly within any plant
species (Roberts 2000), there is often significant association between habitat and
gw (Korner 1994; Schulze et al. 1994). Flooding initiates stomatal closure in most
trees (Kozlowski 1997, 1984a, 1984b; Pezeshki 1994; Pezeshki et al. 1996a,
1996b) and involves a combination of chemical, hydraulic, and atmospheric
controls. However, stomatal closure during flooding is not correlated with loss of
leaf turgor in eastern cottonwood (Regehr et al. 1975). In American elm and
black willow leaf water potentials were higher in flooded plants than in unflooded
plants, yet the stomata closed (Pereira and Kozlowski 1977; Tang and Kozlowski

25

1982b). Stomata in cherrybark oak seedlings closed in response to flooding, yet
xylem water potentials indicated there was no leaf water deficit (Pezeshki and
Chambers 1985). Therefore, when soil and plant water potentials decline to
some critical level hydraulic and chemical controls initiate stomatal closure
thereby reducing gw and thus water loss (Roberts 2000).
Under drought conditions a mature temperate forest shows very little
transpiration response, due to the moderating effects of deep roots (Baldocchi
1997; Breda et al. 1993). The day-to-day control of gw is more of a response to
transpiration rates, humidity, and light levels (Roberts 2000) with young trees
having a higher level of gw than older trees (Mencuccini and Grace 1996; Watson
et al. 1999; Yoder et al. 1994).
Changes in soil and water temperatures also can effect changes in stomatal
conductance. Decreases in soil temperature (Delucia 1986) and in water
temperature (Brissette and Chambers 1992) cause decreases in stomatal
conductance, and because gas exchange is limited by stomatal closure, there is
a concomitant decrease in photosynthetic rate (Pell et al. 1994; Pezeshki 1993).
3.2.2

Photosynthesis

Stomatal closure can result in lower net photosynthesis (Pn) due to CO2
buildup within the spongy mesophyll of the leaf (Atkinson et al. 1988) CO2
buildup can also result from declines in gw and changes in ABA (Else et al. 1995,
1996). However, reduced internal CO2 concentration (Ci) due to stomatal closure
and decreased transpiration rate (E) likewise result in decreased Pn (Cornic
2000). Flooding also causes declines in the photosynthetic rate (Peterson and
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Bazzaz 1984) due to both stomatal inhibition (Newsome et al. 1982; Regehr et al.
1975; Sena Gomes and Kozlowski 1980; Tang and Kozlowski 1982a) and
nonstomatal inhibition (Davies and Flores 1986; Pezeshki 1994). However, in
flood-tolerant species Pn and gw are maintained at normal, or near normal, levels
during flood events (Pezeshki and DeLaune 1998).
Declines in Pn due to feedback inhibition, resulting from the cessation of root
growth (Pezeshki and DeLaune 1998), which leads to insufficient root area, and
therefore, eliminates a major sink for carbohydrates (Carmi 1993), can translate
into decline in biomass (Brown and Pezeshki 2000).
Photosynthesis is one of the most heat-sensitive processes in plants (Mathur
et al. 2011), with the oxygen-evolving complex (OEC) of PS II being particularly
sensitive to heat (Georgieva et al. 2000; Zhao et al. 2008). Protection of PS II
comes from an increase in temperature can result in an increase in
photosynthetic pigments which afford protection to the PS II system (Michelsen
et al. 1996).
3.3 Resource allocation
With changes in net photosynthesis, many plants shift more of the resources
available as a result of photosynthesis to the roots (Nielsen et al. 2001; Nour and
Wiebel 1987). While a major factor in determining the survivability of transplanted
trees is the root to shoot ratio (Percival and Frazer 2005), shifting energy
resources towards the roots may result in a decrease in total biomass (Poulson
et al. 2002).
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Changing environmental conditions can also affect the root/shoot ratio due to
resources being allocated based upon their availability (Bland and Jones 1992).
However, a possible mechanism limiting resource allocation to roots under
conditions of temperature stress is the denaturing or inhibiting of critical enzymes
as a temperature threshold is reached. If some ATPase pumps are inhibited,
translocation of sugars from source to sink could be disrupted leading to a
decline in nutrient availability necessary of cell reproduction and growth in root
tissue.
With resource allocation shifted to the root system primary growth declines
and is often correlated with an increase in secondary growth. This increase in
shoot diameter can translate into increased foliage, without necessarily
increasing shoot biomass, and enhance self-shading which acts to decrease soil
surface temperatures and thus reduce heat stress (Helgerson 1990).
4

Bottomland hardwood forest species propagation

4.1 Sucrose
A major concern in streambank stabilization and wetland remediation
projects is survival and establishment of the transplanted materials. Researchers
have reported soaking cuttings in water prior to transplanting increases biomass
and survival (Desrochers & Thomas 2003; Pezeshki & Shields 2006; Pezeshki et
al. 2005; Schaff et al. 2003) over cuttings transplanted without soaking; however,
there is room for improvement.
As the major photoassimilate, sucrose is transported to the zone of root
elongation where it provides energy, via respiration, (Lindqvist and Asp 2002;
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Salisbury and Ross 1992) for root growth. However, on the negative side, there
is a concomitant decrease in Pn as resources are allocated to the root system at
the expense of the shoot system (Lindqvist and Asp 2002).
Because deep floods of short duration tend to restrict underwater elongation
and therefore conserve carbohydrates, which facilitate survival and the
resumption of growth when floodwaters subside (Chen et al. 2009; Voesenek et
al. 2004), the addition of exogenous carbohydrates could likewise enhance root
propagation and growth in cuttings, thus enhancing survival of the transplanted
woody material.
In wheat, roots treated with sucrose, fructose or glucose showed increased
root formation and lateral root branching (Bingham and Stevenson 1993;
Bingham et al. 1997, 1998). In transplanted birch (Betula pendula), roots treated
with sugars after severe pruning, had increased root development (Percival and
Frazer 2005). This enhanced root growth and development in response to
exogenous sugar perhaps ties in with the reduced efficiency in ATP synthesis
reported under anoxic conditions. Decreases in ATP leads to an energy crisis at
the cellular level, which plants respond to by increasing sucrose catabolism,
glycolysis, and ethanolic fermentation (Bailey-Serres and Voesenek 2008).
Bailey-Serres and Voesenek (2010) suggested a flooding response network
exists in plants, including ethylene-triggered alterations in gene expression, that
lead to stress-induced breakdown of stored carbohydrates for production and
utilization of ATP.
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Many studies have investigated how to improve adventitious rooting by
testing different plant hormones and non-hormonal bioactive compounds (Imin et
al. 2007; Mutui et al. 2010; Selby et al. 1992; Tyburski et al. 2006) such as
sugars (Li et al. 2009). Furthermore, genes have been found that are involved in
initiating rooting (Sole et al. 2008; Vielba et al. 2011) and specifically in the
induction of adventitious roots (Busov et al. 2004; Lindroth et al. 2001a, 2001b;
Sanchez et al. 2007). Sucrose, acting as a substrate, can initiate gene
expression by affecting a sugar-sensing system which shifts carbon to root
development (Koch 1996).
A case can be made that exogenous sucrose can benefit root development
and growth. Sucrose leaking from vascular tissues into the rhizosphere can result
in changes to the immediate bacterial and fungal populations, due to increased
nutrient availability, and thus induce increased nutrient uptake by the plant
(Whipps 2001). The composition of the rhizospheral community is also influenced
by interactions between plant species, soil type, and root zone location
(Marschner et al. 2001). The sucrose exudate can also be expected to stimulate
the enzyme induction in the soil microbes inhabiting this community that are
necessary for the degradation of sucrose, as well as other carbon compounds
(Grayson et al. 1998). While the quality and quantity of root exudates are under
the influence of the plant’s endogenous and exogenous environment (Martin
1977), plants differ in the exudation of carbohydrates. With carbohydrates one of
the major substrates responsible for the discrimination shown by microbial
communities in their use of various carbon sources (Grayson et al. 1998), these
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rhizosphere associations appear to be essential to the overall success of plants
(Morgan et al. 2005).
While survival of cutting can be negatively impacted by embolisms, resulting
from the removal of the cutting from the parent plant, there is evidence that
sucrose stimulates a response to embolism (Secchi and Zwieniecki 2011).
Sucrose possibly acts as a signal that, altering gene expression (Chiou and Bush
1998; Hammond and Whiten 2008; Rolland et al. 2002; Smeekens 2000), results
in a response to embolism which enhances the survival of cuttings used in
remediation and restoration projects.
The ultimate source of this sucrose could be from stored starch breakdown
and leakage from the parenchyma cells of the xylem (Salleo et al. 2009;
Zwieniecki and Holbrook 2009. Therefore, the uptake of exogenous sucrose into
the xylem, through soaking cuttings in a sucrose solution, could fulfill the same
roll as the sugars released from parenchyma cells.
Sugars are also thought to function in mediating auxin (Li et al. 2009), a
hormone critical in root initiation (Nakhooda et al. 2011), during adventitious
rooting. However, due to the rapid hydrolyzation of sucrose it is difficult to
determine whether sucrose, or its breakdown products glucose and fructose, is
acting as the actual signaling molecule (Smeekens 2000).
5

Soil Flooding and Redox Potential
Soil redox potential (Eh) measurements are useful indicators of chemical

changes taking place in flooded soils and are influenced by duration and
frequency of flooding events (Pezeshki and DeLaune 1998). In saturated soil with
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a redox potential (Eh) below +350 mV oxygen is no longer available as an
electron acceptor (Patrick and DeLaune 1977) which can result in root
dysfunction and the inhibition of nutrient uptake and transport (Pezeshki and
DeLaune 1998) leading to low concentrations of N, P, and K in foliage (Dreyer et
al. 1991; Larson et al. 1992). However, low Eh conditions increase the availability
of Fe and Mn by reducing the ferric and manganic forms to ferrous and
manganous forms (Ponnamperuma 1972) leading to increased tissue
concentrations in some species (Lal and Taylor 1970). Toxic tissue
concentrations of some nutrients may be reached due to low Eh conditions
increasing their availability (Gries et al. 1990; McKevlin et al. 1987). Likewise, low
Eh conditions are favorable for anaerobic microbes, which are capable of
reducing sulfate to sulfide (Armstrong 1975). Negative Eh has been shown to
decrease root growth in woody species (Pezeshki 1991).
6

Model species
Black willow (Salix nigra), Box elder (Acer negundo), and willow oak

(Quercus phellos) were chosen as model species for a series of related
experiments because they are members of the bottomland hardwood forests and
floodplains of the southeastern United States (Mitch and Gosselink 1993). S.
nigra is a woody pioneer species that colonizes sand and gravel bars deposited
by flood events (Hupp and Osterkamp 1996) where it is often found in pure
stands. S. nigra is frequently succeeded by green ash, red maple, American elm,
and sugarberry, which in turn are replaced by overcup oak, persimmon, and
water hickory (Putnam et al. 1960; Smith and Linnartz 1980).
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Although S. nigra can reproduce sexually, via wind-dispersed seeds, the
seeds are short-lived and therefore reproduction is often vegetative (Karrenberg
et al. 2002, 2003). Due to its ease of vegetative propagation in S. nigra, and its
rapid growth, it is not only a commercially important species (Lyyra et al. 2006),
but its cuttings are used in wetland and riparian remediation and restoration
projects (Schaff et al. 2003; Kuzovkinas and Quigley 2005; Pezeshki and Shields
2006). An important attribute of S. nigra is its adventitious roots (Li et al. 2006),
which have been positively correlated with flood tolerance (Sena Gomes and
Kozlowski 1980), and its formation of aerenchyma tissue (Li et al. 2006). In both
natural and reconstructed wetlands S.nigra provides ecosystem services that
include erosion and flood control, life support, mediating agricultural runoff,
modifying the effects of both soil and air pollution, as well as improvement of
water quality (Kozlowski 2002). The ability of members of the Salicaceae family,
and S. nigra in particular, in the removal of large arrays of organic contaminants
via absorption by roots is well documented (Paterson and Schnoor 1993; Nair et
al. 1993; Schnoor et al. 1995; Thompson et al. 1998).
A. negundo is a fast-growing, short-lived species (Green 1934) reaching its
peak between 15 to 20 years of age (Hepting 1971). Mature members are able to
survive up to 30 days of inundation (Hosner 1958, 1960) and its seedlings
survive water-saturated soils through the development of adventitious roots
(Hosner and Leaf 1962). Like S. nigra, A. negundo can act as a pioneer species,
but successionally usually follows cottonwood (Populus deltoides) and willow
(Salix spp) (Hosner and Minkler 1960). A. negundo is both an understorey
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species, capable of surviving shade in excess of 90%, and a canopy species
(Dewine and Cooper 2008). While A. negundo is of no commercial value, it is
important to wildlife, and because of its ease of propagation and rapid growth it
has potential in remediation and wetland restoration projects.
Willow oak (Quercus phellos) is a prominent member of the bottomland
hardwood forests of the southeastern U.S. and is more flood tolerant, along with
Q. nigra, Q. nuttallii, and Q. lyrata, than other Quercus spp (Teskey and Hinckley
1977). Q. phellos, along with other Quercus species, is one of the most common
canopy layer trees in bottomland hardwood forests (Hoagland and McCarty
2009; Lockhart et al. 2010). Q. phellos is important to the lumber and pulp
industries, and to wildlife because of its annual acorn production.
Research Justification
Wetland plants have a combination of morphological and physiological
features, which enable them to survive a variety of environmental stressors. The
literature review indicated a deficiency of research on leaf and root responses of
bottomland hardwood forest trees to anthropogenic stresses associated with
climate change and pollution; i.e., ultraviolet-B radiation, copper, ethanol
pollution, increasing soil temperature and the concomitant increase in insect
herbivory. Because of the global decline in wetlands it is important to determine
which tree species can be easily propagated in situ to help re-establish wetlands
and to mitigate man-caused damage.
To elucidate the impact of the above anthropogenic stresses on wetland
trees a series of laboratory studies were conducted examining the morphological
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and physiological responses of three common bottomland hardwood forest trees;
Salix nigra, Acer negundo, and Quercus phellos.
The following research questions were proposed:
1) What factors influence on development of aerenchyma tissue? 2) What
promotes the development of adventitious roots? 3) How does increasing soil
temperature affect the morphology and physiology of wetland plants? 4) How can
survival of cuttings used in wetland and stream bank remediation and
stabilization be increased? 5) How does increased insect herbivory influence
morphological and physiological adaptations? 6) What effect does ethanol
pollution of wetlands have on physiology and morphology of plants?
Overview of Objectives and Research Questions
The general objective for this study was to quantify leaf and root responses
of three wetland tree species to anthropogenic factors associated with
degradation of bottomland hardwood forests. The focus was on aerenchyma
development, adventitious rooting, net photosynthesis, transpiration, total
biomass, and resource allocation.
Objective 1 (Chapter 2): Characterize leaf and root morphological
responses of Salix nigra to increased ultraviolet-B and copper exposure.
The purpose of this study was to examine responses of S. nigra to three
intensities of UV-B and three environmentally relevant concentrations of copper
and to determine if there was an interaction effect between UV-B and copper.
Four generalized responses to these treatments were hypothesized:
1. Increased UV-B intensity affects the root porosity of S. nigra.
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2. Copper exposure at environmentally relevant concentrations affects
root porosity.
3. There is an UV-B and Cu interactive effect.
4. Aerenchyma development results in a shift in resource allocation.
Objective 2 (Chapter 3): Characterize root and leaf responses in Salix nigra to
increasing soil temperature.
The purpose of this study was to examine morphological and physiological
responses of S. nigra roots and leaves to three soil temperature regimes. The
following hypotheses were tested:
1. Aerenchyma tissue, measured as changes in root porosity, will
increase in response to increased soil temperature.
2. Resource allocation will shift to the roots.
3. Transpiration rate will decrease as stomatal conductance decreases
leading to reduction in net photosynthesis.
Objective 3 (Chapter 4): Characterize response of Quercus phellos to increased
root-zone temperature and simulated herbivory.
The purpose of this study was to examine the morphological and
physiological responses of Q. phellos to three levels of soil temperature and
three levels of simulated herbivory. It was hypothesized that as soil temperature
and herbivory increase, the condition will lead to:
1. Increased foliage development.
2. Shift resources to the shoots.
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3. Decreased stomatal conductance and transpiration rate leading to
decreased net photosynthesis.
4. Significant interaction between temperature and herbivory.
Objective 4 (Chapter 5): Characterize the responses of Salix nigra and Acer
negundo to exogenous sucrose.
The purpose of this study was to examine the morphological and
physiological responses of S. nigra and A. negundo cuttings to soaking in
sucrose prior to planting. It was hypothesized that soaking S. nigra and A.
negundo cuttings in a sucrose solution prior to planting will:
1. Shift resource allocation to the roots as evidenced by increased
adventitious rooting and increased mean root length.
2. Increase root porosity.
3. Increase photosynthetic rate.
4. Increase survivability of the transplanted cuttings.
Objective 5: (Chapter 6): Characterize the responses of Salix nigra, Acer
negundo, and Quercus phellos to root-zone ethanol.
The purpose of this study was to examine the morphological and
physiological responses of S. nigra, A. negundo, and Q. phellos to three
concentrations of ethanol applied at the root-zone level. The hypotheses were:
1. Exogenous ethanol at the root-zone level will decrease net
photosynthesis leading to a decrease in total biomass.
2. Ethanol applied to the root-zone will shift resource allocation to the
roots.
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3. Elevated root-zone ethanol will increase root porosity as a response
to stress.
Objective 6 (Chapter 7): Characterize the aerenchyma development in Salix
nigra roots.
The purpose of this study was to determine how aerenchyma develops in S.
nigra roots. Because studies have indicated aerenchyma development in S. nigra
is constitutive it was hypothesized aerenchyma formation will be schizogenous,
forming via cell wall separation which creates intercellular space, and more
specifically will be expansigenous.
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Chapter 2
Root Porosity Changes in Salix nigra Cuttings in Response to Copper and
Ultraviolet-B Radiation Exposure
1

Introduction
Salix nigra Marsh. (black willow) is an ubiquitous member of bottomland

hardwood forests and floodplains of the southeastern United States (Mitch and
Gosselink 1993) that propagates easily from cuttings and grows rapidly,
facilitating its use in riparian remediation and restoration projects (Schaff et al.
2003; Kuzovkina and Quigley 2005). As with many wetland species, S. nigra has
several physiological and morphological characteristics that allow it to withstand
a variety of soil moisture regimes. S. nigra produces adventitious roots (Li et al.
2006), which have been positively correlated with flood tolerance (Sena Gomes
and Kozlowski 1980), and aerenchyma tissue (Li et al. 2006).
Aerenchyma tissue development helps to alleviate flood-induced 02
deficiency in many wetland plants (Visser et al. 1996) by forming air passages
within the cortex of roots and stems thereby facilitating 02 transport from shoots
to roots (Grosse et al. 1991). As O2-deficiency adversely affects growth and
survival of many bottomland tree species (Pezeshki 1993), the gas conducting
function of aerenchyma is especially critical under hypoxic conditions (Colmer
2003) common in wetland environments. However, adaptations to environmental
stress, such as shifting energy resources towards the roots and increasing root
porosity, may result in a decrease in total biomass (Poulson et al. 2002).
While aerenchyma development (increases in root porosity) is under
ethylene regulation (Jackson and Attwood 1996), it can be initiated by oxygen
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stress within a plant’s roots (He et al. 1996a; Jackson and Attwood 1996) and by
stresses such as soil compaction (He et al. 1996b) and nutrient deficiency (Drew
et al. 1989). However, in many wetland species, such as S. nigra, aerenchyma
development is constitutive (Li et al. 2006), developing in the absence of
environmental stimuli.
Increased levels of ultraviolet-B (UV-B) radiation are reaching the Earth’s
surface (Caldwell et al. 1989) due to a reduction in atmospheric ozone (Bojkov
and Fioletov 1996). Many plant species have been adversely affected by
increased UV-B exposure (Deckmyn et al. 2001); however, some research
indicates exposure to UV-B levels above ambient actually enhances plant growth
(Deckmyn and Impens 1998; Stepanou and Manetas 1998) while other research
found that eliminating UV-B exposure stimulates biomass production
(Bogenrieder and Klien 1982). UV-B exposure has been found to reduce
seedling biomass and height (Sullivan and Teramura 1989, 1992; Naidu et al.
1993; Poulson et al. 2002), to result in leaf curling (Krol et al. 2000) and increase
leaf thickness and width (Sullivan et al. 1996), and increases stomatal frequency
while decreasing photosynthetic capacity (Stewart and Hoddinott 1993).
Copper (Cu) contamination is common in aquatic systems, entering via
atmospheric pathways (Rowe et al. 2001) and from commercial applications
used to control cyanobacterial blooms (McKnight 1981) and has been found in
concentrations from 1.0 µg/L to 280µg/L (McKnight 1981; Meador et al. 1993).
Kuzovkina et al. (2004) found that S. nigra was initially resistant to Cu exposure,
however after a 21 d exposure to 25µM of Cu a reduction in biomass was noted.
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While effects between UV-B and Cu have been found in amphipods (Liess et
al., 2001) and in amphibians (Baud and Beck 2005), most plant-based UV-B
studies have focused on water stress (Poulson et al. 2002). Possible interactions
between UV-B and Cu could have significant effects on plant functioning.
As there have been no studies on the effect of UV-B or Cu exposure on root
porosity, the present study was conducted to answer the following research
questions: 1) do increases in UV-B intensity effect the root porosity of S. nigra, 2)
does Cu exposure at environmentally relevant concentrations affect root porosity,
and 3) is there an UV-B and Cu interactive effect and, 4) does aerenchyma
development result in a shift in resource allocation.
2

Materials and Methods

2.1 Plant Material
Black willow (S. nigra) clones were collected along the Coldwater River in
Coldwater, MS, USA in early spring. Cuttings (5 mm basal diameter and 20 cm
height) had all existing branches removed to conform to common planting
practices.
2.2 Experimental procedures
The cuttings were grown hydroponically under lights on an 18/6 hour
photoperiod at an average PAR of 800-1000 µmoles photons/m2/sec at the
University of Memphis. The cuttings were exposed to one of three levels of UVB: (ambient [19-21 mW/cm2], control [0.4mW/cm3 UV-B], and elevated UV-B
[28-30 mW/cm2]) (e.g. Baud and Beck 2005) and also to one of three levels of
copper (0, 2.75, and 5.5 µg/L) (e.g. Parris and Baud, 2004).
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Each treatment combination consisted of eight replicates (cuttings) with each
cutting isolated in 8 cm x 2 cm glass test tubes (total of 72 cuttings) containing
approximately 40 ml of nutrient solution. Each tube was wrapped completely in
aluminum foil to simulate below soil conditions for root growth, and continuously
aerated. Oxygen levels were checked daily. The nutrient solution (Fan et al.
2003) was modified thus: CuSO4 was eliminated from the 0 mg/L Cu control,
and for the two treatments Cu concentrations was increased to 2.75 ppm Cu and
5.5 ppm Cu using CuSO4. A static renewal design was employed where twothirds of the nutrient solution was removed and replaced every second day.
Ambient UV-B intensities were determined by taking consecutive
measurements at 1200 hours at the University of Memphis campus under cloudfree conditions. The UV-B source was 24-inch Phillips UV-B fluorescence tubes
and UV-B intensity was checked once before, once during and once after the
experiment (e.g., Langhelle et al. 1999; Baud and Beck 2005) using a radiometer
(Model II, 1400A, International Light Inc). All UV-B measurements were taken at
the top of the cuttings and UV-B treatments were exposed to 20 minutes of UV-B
radiation at 1200 h each day (e.g. Baud and Beck, 2005).
Temperature (180C +/_ 10C) was checked daily at noon. Acidity was
measured every second day and KOH was used to adjust the pH as needed (e.g.
Fan et al., 2003) to maintain an acidic environment (pH 6.8) similar to that found
in some wetlands.
Root porosity was monitored using measure of porosity (POR), where the
gas space volume is a percentage of the total root volume, at the end of the
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experiment using the method described in Li et al. (2006).
2.3 Plant Measurements
For determination of resource allocation the total number of leaves was
counted and their length measured. Shoots and roots were then separated, dried
at 700C to a constant weight and the final weights recorded. Root/shoot ratio was
calculated as the ratio of dry root weight to dry shoot weight.
2.4 Data Analysis
A completely randomized design was employed. Significant differences
between treatments were tested with a two-way ANOVA and Scheffe’s post hoc
multiple range test was used to examine all pair-wise group differences.
Differences were considered significant at p < 0.05.
3

Results

3.1 Root Porosity
Both UV-B exposure (F(2,42) = 11.45, p = 0.0001) and Cu exposure (F
(2,42) = 6.14; p = 0.0046) increased POR. POR increased from 25.4% for the
control to > 46% for UV-B exposure and increased to 41% for exposure to low
Cu and 46% for high Cu exposure (Fig. 1). No interaction between UV-B and Cu
in relation to POR was found.
3.2 Plant Growth
Both UV-B (F(2,43) = 3.36, p = 0.0441) and Cu exposure (F(2,43) = 4.03, p
= 0.0249) negatively affected total biomass, with the UV-B effects appear to be
greater than Cu. Exposure to ambient UV-B intensity resulted in a biomass
decrease of 6.6% while exposure to high UV-B intensity led to 20.1% reduction in
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biomass as compared to a 3.7% decrease for exposure to a low Cu and a 9.8%
decrease upon exposure to a high Cu (Fig. 2). However, root biomass was
affected only by Cu (F(2,41) = 3.41, p = 0.0427), which resulted in a 13%
decrease (Fig. 3) thus, influencing the shift in root/shoot ratio (F2,42 = 3.5; p =
0.0393) (Fig. 4).
3.3 Leaf Number
Copper exposure (F(2,42) = 7.03, p = 0.0023) resulted in a 49% decrease in
mean number of leaves > 3 cm per cutting (Fig. 5).
4

Discussion
Exposure to UV-B resulted in root POR increasing in S. nigra cuttings from

25% in controls to 47% (Fig. 1). This increase in POR is a physiological response
linked to enhanced tolerance to environmental stress (e.g., Poulson et al. 2002).
Similar increases in POR were found in corn (Zea mays) to flood stress
(Bouranis et al. 2003), in Leontodon taraxacoides to sulfate deprivation (Grimoldi
et al.1999), and in rice (Oryza sativa) to decreased oxygen (Kotula et al. 2009).
As POR increased, total biomass decreased with exposure to ambient UV-B
(6.6%) and to enhanced UV-B (21.1%). These results are similar to those found
in conifers exposed to UV-B (Naidu et al. 1993; Sullivan et al. 1996; Poulson et
al. 2002). While this biomass decrease can be correlated to the increase in POR,
a decline in CO2 assimilation rates, due to UV-B exposure (Poulson et al. 2002),
which occurs even at ambient levels (Allen et al. 1997, 1998), could have been
partially responsible.
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Salix are known to be hyperaccumulators of Cu, i.e., species able to
accumulate > 1 g Cu/Kg dry tissue weight (Ali et al. 2003), making them useful in
phytoremediation. Combined with the ability to exclude Cu from their shoots
(Rosselli et al. 2003; Kuzovkina et al. 2004), this indicates Cu accumulation in
Salix is restricted to the roots, which possibly accounts for the 46% increase in
root porosity found in response to increased Cu levels in the present study. This
increase in root porosity, an indicator of increased aerenchyma tissue and a
common phenomenon found in wetland plants, has been shown to facilitate
rhizosphere oxidation via radial oxygen loss, thus reducing the risk of root
damage (Jackson and Armstrong 1999) due to toxic Cu levels.
Our data indicates S. nigra has a relatively low Cu (>2.75 µg Cu/L) threshold
response. Root biomass increased 9% in cuttings exposed to 2.75 g Cu/L, yet
decreased more than 13% when exposed to 5.5 µg Cu/L (Fig. 3) with a total
biomass decline of 3.7% and 9.8%, respectively. As stressed roots can influence
shoot development via signals sent through the transpiration stream (Jackson
2002), Cu, acting as a stressor, possibly initiated such a signal.
The increase in root porosity, with a concomitant decrease in root biomass,
resulted in a decrease in the root/shoot ratio (Fig. 4). This differs from other
studies that found stressed plants tend to shift resource allocation to their roots
(Nour and Wiebel 1987; Nielsen et al. 2001). The shift in root/shoot ratio found in
this study was due in part to enhanced porosity of the roots, and possibly due to
the inhibitory effect Cu has on PSII (Patsikka et al. 1998).
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Diverting resources to the leaves, in an effort to maintain photosynthesis,
would result in an increase in shoot biomass thereby reducing the root/shoot ratio
beyond that resulting from an increase in POR alone, a possibility indicated by a
trend towards increased overall leaf production in cuttings exposed to enhanced
UV-B levels and to increased Cu concentrations. Under low Cu concentrations,
the number of leaves/cutting increased by 36.6%, yet decreased by 49.1% under
high Cu concentrations (Fig. 5), again indicating a threshold response for Cu
concentrations.
While UV-B exposure resulted in an increase in shoot biomass, there was no
increase in total number of leaves, which supports the findings reported by
Staxen et al. (1993) and Logemann et al. (1995). A possible explanation is that
the energy necessary for new leaf production was allocated to the manufacture
of flavonoids, which have been found to increase as much as 40% or more in
response to UV-B exposure (Nogues et al. 1998).
In conclusion, while no UV-B/Cu interactions were found in S. nigra for the
measured parameters, UV- B and Cu exposure did lead to increased root
porosity, decreased biomass, and a shift in the allocation of resources as
indicated by a decrease in the root/shoot ratio. There also appears to be a
threshold response of S. nigra to increases in Cu concentrations in root medium
where the adverse effects occur.

84

References
Allen, D.J., McKee, I.F., Farage, P.K., & Baker N.R. (1997). Analysis of
limitations to CO2 assimilation on exposure of leaves of two Brassica napus
cultivars to UV-B. Plant, Cell, and Environment, 20, 633-640.
Allen, D.J., Nogues S., & Baker N.R. (1998). Ozone depletion and increased
UV-B radiation: is there a real threat to photosynthesis? Journal of
Experimental Botany, 49, 1775-1788.
Ali, M.B., Vajpayee, P., Tripathi, R.D., Rai, U.N., Singh, S. & Singh S.P. (2003).
Phytoremediation of lead, nickel, and copper by Salix acmophylla Boiss.:
Role of antioxidant enzymes and antioxidant substances. Bulletin of
Environmental Contamination and Toxicology, 70, 462-469.
Baud, D.R., & Beck M.L. (2005). Interactive effects of UV-B and copper on
Spring Peeper tadpoles (Pseudacris crucifer). Southeastern Naturalist, 4, 1522.
Bogenrieder, A., & Klien R. (1982). Does solar UV influence the competitive
relationship in higher plants? In J. Chalkins (Ed.), The role of solar ultraviolet
radiation in marine ecosystems (pp. 641-649), New York: Plenum Press.
Bojkov, R.D., & V.E. Fioletov, R.D. (1996). Total ozone variations in the tropical
belt: an application for quality of ground based measurements.Meteorology
and Atmospheric Physics, 58, 223-240.
Bouranis, D.L., Chorianopoulou, S.N., Siyiannis, V.F., Protonotarios, V.E. &
Hawkesford, M.J. (2003). Aerenchyma formation in roots of maize during
sulphate starvation. Planta, 217, 382-391.
Caldwell, M.M., Teramura, A.H., & Tevini, M. (1989). The changing solar
ultraviolet climate and the ecological consequences for higher plants. TREE,
4, 363- 367.
Colmer, T.D. (2003). Long-distance transport of gases in plants: a perspectiveon
internal aeration and radial oxygen loss from roots. Plant, Cell and
Environment, 26, 17-36.
Deckmyn, G., & Impens, I. (1998). Effects of solar UV-B irradiation on vegetative
and generative growth of Bromus catharticus. Environmental and
Experimental Botany, 40, 179-185.
Deckmyn, G., Caeyenberghs, E., & Ceulemans, R. (2001). Reduced UV-B in
greenhouses decreases white clover response to enhance CO2.
Environmental and Experimental Botany, 46, 109-117.
85

Drew, M.C., He, C-J, & Morgan, P.W. (1989). Decreased ethylene biosynthesis,
and induction of aerenchyma, by nitrogen- or phosphate-starvation in
adventitious roots of Zea mays L. Plant Physiology, 91, 266-271.
Fan, M., Zhu, J., Richards, C., Brown, K.M., & Lynch, J.P. (2003). Physiological
roles for aerenchyma in phosphate-stressed roots. Fundamental Plant
Biology, 30, 493-506.
Grimoldi, A.A., Insausti, P., Roitman, G.G., & Soriano, A. (1999). Responses to
flooding intensity in Leontudon taraxacoides. New Phytologist, 141, 119128.
Grosse, W., Buchel, H.B., & Tiebel, H. (1991). Pressurized ventilation in wetland
plants. Aquatic Botany, 39, 89-98.
He C-P., Morgan, P.W., & Drew, M.C. (1996a). Transduction of an ethylene
signal is required for cell death and lysis in the root cortex of maize during
aerenchyma formation induced by hypoxia. Plant Physiology, 112, 463-472.
He, C-P., Finlayson, S.A., Drew, M.C., & Morgan, P.W. (1996b.) Ethylene
biosynthesis during aerenchyma formation in roots of maize subjected to
mechanical impedance and hypoxia. Plant Physiology, 112, 1679-1685.
Huntley, B. (1991). How plants respond to climate change: migration rates,
individualism and the consequences for the plant communities. Journal of
Botany, 67, 15-22.
Jackson, M.B. (2002). Long-distance signaling from roots to shoots assessed:
the flooding story. Journal of Experimental Botany, 53, 175-181.
Jackson, M.B., & Armstrong, W. (1999). Formation of aerenchyma and the
processes of plant ventilation in relation to soil flooding and submergence.
Plant Biology, 1, 274-287.
Jackson, M.B., & Attwood, P.A. (1996). Roots of willow (Salix viminalis L.) show
marked tolerance to oxygen shortage in flooded soils and in solution culture.
Plant and Soil, 187, 37-45.
Kotula, L., Kosala, R., Schreier, L., & Steudle, E. (2009). Function and chemical
comparison of apoplastic barriers to radial oxygen loss in roots of rice (Oryza
sativa L.) grown on aerated or deoxygenated solution. Journal of
Experimental Botany, 60, 2155-2167.

86

Krol, P.M., Ormrod, D.P., Binder, W.D., & L’Hirondelle, S.J. (2000). Effects of
ultraviolet-B radiation on needle anatomy and morphology of western larch,
interior spruce and lodgepole pine. Journal of Sustainable Forestry, 10, 141148.
Kullman, L.(2001). 20th century climate warming and tree-limit rise in the
southern Scandes of Sweden. Ambio, 30, 72-80.
Kuzovkina, Y.A., & Quigley, M.E. (2005). Willows beyond wetlands: Uses for
Salix nigra L. species for environmental projects. Water, Air, & Soil Pollution,
162, 183-204.
Kuzovkina, Y.A., Knee, M., & Quigley, M.F. (2004). Cadmium and copper uptake
and translocation in five willow (Salix L.) species. International Journal of
Phytoremediation, 6, 269-287.
Langhelle, A., Lindell, M.J., & Nystrom, P. (1999). Effects of ultraviolet radiation
on embryonic and larval development. Journal of Herpetology, 33, 449-456.
Li, S., Pezeshki, S.R., & Shields, F.D., Jr. (2006). Partial flooding enhances
aeration in adventitious roots of black willow (Salix nigra) cuttings. Journal of
Plant Physiology, 163, 619-628.
Liess, M., Champeau, O., Riddle, M., Schulze, R., & Duquesne, S. (2001).
Combined effects of ultraviolet- B radiation and food shortage on the
sensitivity of the Antarctic amphipod Paramoera walkeri to copper.
Environmental Toxicology and Chemistry, 20, 2088-2092.
Logemann, E., Wu, S-C., Schroder, J., Schmelzer, E., Somssich, I.E., &
Hahlbrock, K. (1995). Gene activation by UV light, fungal elicitor or fungal
infection in Petroselinum crispum is correlated with repression of cell cyclerelated genes. Plant Journal, 8, 865-876.
McKnight, D.M. (1981). Chemical and biological processes controlling the
response of a freshwater ecosystem to copper stress: a field study of the
CuSO4 treatment of Mill Pond reservoir, Burlington, Massachusetts.
Limnology and Oceanology, 26, 518-531.
Meador, J., Taub, F.B., & Sibley, T.H. (1993). Copper dynamics and the
mechanism of ecosystem level recovery in a standardized aquatic
microcosm. Ecological Applications, 3, 139-155.
Mitch, W.J., & Gosselink, J.G. (1993). Wetlands. New York: Van Nostrand
Reinhold.

87

Naidu, S.L., Sullivan, J.M., Teramura, A.H., & DeLucia, E.H. (1993). The effects
of ultraviolet-B radiation on photosynthesis of different aged needles in fieldgrown loblolly pine. Tree Physiology, 12, 151-162.
Nielsen, K.L., Eshel, A. & Lynch, J.P. (2001). The effects of phosphorus
availability on the carbon economy of contrasting common bean (Phaseolus
vulgaris L.) genotypes. Journal of Experimental Botany, 52, 329-339.
Nogues, S., Allen, D.J., Morison, J.I.L., & Baker, N.R. (1998). Ultraviolet-B
radiation effects on water relations, leaf development, and photosynthesis in
droughted pea plants. Plant Physiology, 117, 173-181.
Nour, A.E., & Wirbrl, D.E. (1987). Evaluation of root characteristics in grain
sorghum. Agronomy Journal, 70, 217-218.
Parris, M.J., & Baud, D.R. (2004). Interactive effects of a heavy metal and
Chytridiomycosis on gray treefrog larvae (Hyla chrysoscelis). Copeia, 2, 344350.
Patsikka, E., Aro, E.M., & Tyystjarvi, E. (1998). Increase in the quantum yield of
photoinhibition contributes to copper toxicity in vivo. Plant Physiology, 117,
619-627.
Pezeshki, S.R. (1993). Differences in patterns of photosynthetic responses to
hypoxia in flood tolerant and flood sensitive tree species. Photosynthetica,
28, 423-430.
Poulson, M.E., Donahue, R.A., Konvalinka, J., & Torres Boeger, M.R.. (2002).
Enhanced tolerance of photosynthesis to high-light and drought stress in
Pseudotsuga menziesii seedlings grown in ultraviolet-B radiation. Tree
Physiology, 22, 829-838.
Rosselli, W., Keller, C. & Boschi, K. (2003). Phytoextraction capacity of trees
growing on a metal contaminated soil. Plant and Soil, 256, 265-272.
Rowe, C.L., Hopkins, W.A., & Coffman, V.R. (2001). Failed recruitment of
Southern Toads (Bufo terrestis) in a trace element-contaminated breeding
habitat: Direct and Indirect effects that may lead to a local population sink.
Archives of Environmental Contamination and Toxicology, 40, 399-405.
Schaff, S.D., Pezeshki, S.R., & Shields, F.D. Jr. (2003). Effects of soil conditions
on survival and growth of black willow cuttings. Environmental Management,
31, 748-763.

88

Sena Gomes, A.R., & Kozlowski, T.T. (1980). Effect of flooding on growth of
Eucalyptus camaldulensis and E. globules seedlings. Oecologia, 46, 139142.
Staxen, L., Bergounioux, C., & Bornman, J.F. (1993). Effect of ultraviolet
radiation on cell division and microtubule organization in Petunia hybrid
protoplasts. Protoplasm, 173, 70-76.
Stepanou, M., & Manetas, Y. (1998). Enhanced UV-B radiation increases the
reproductive effort in the Mediterranean shrub Cistue creticus under field
conditions. Plant Ecology, 134, 91-96.
Stewart, J.D., & Hoddinott, J. (1993). Photosynthetic acclimation to elevated
atmospheric carbon dioxide and UV radiation in Pinus banksiana.
Physiologia Plantarum, 88, 493-500.
Sullivan, J.H., & Teramura, A.H. (1989). The effects of ultraviolet-B radiation on
loblolly pine.1. Growth, photosynthesis and pigment production in
greenhouse-grown seedlings. Physiologia Plantarum, 72, 202-207.
Sullivan, J.H., & Teramura, A.H. (1992). The effects of ultraviolet-B radiation on
loblolly pine. 2. Growth of field-grown seedlings. Trees, 6, 115-120.
Sullivan, J.H., Howells, B.W., Ruhland, C.T., & Day, T.A. (1996). Changes in leaf
expansion and epidermal screening effectiveness in Liquidambar styraciflua
and Pinus taeda in response to UV-B radiation. Physiologia Plantarum, 98,
349-357.
Visser, E.J.W., Blom, C.W.P.M., & Voesenek, L.A.C.J. (1996). Flooding-induced
adventitious rooting in Rumex: morphology and development in an ecological
perspective. Acta Botanica Neerlandica, 45, 17-28.

89

Figures

Fig. 1. Root biomass (g) under various UV-B and Cu exposures. Control (c)
consists of no UV-B nor Cu exposure, ambient UV-B (U), enhanced UV-B (U+),
low Cu (Cu), high Cu (Cu+), ambient UV-B/low Cu (U/Cu), ambient UV-B/high Cu
(U/Cu+), enhanced UV-B/low Cu (U+/Cu), and enhanced UV-B/high Cu
(U+/Cu+). Significant differences indicated with * (p < 0.05).
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Fig. 2. Root/shoot ratio under various UV-B and Cu exposures. Control (c)
consists of no UV-B nor Cu exposure, ambient UV-B (U), enhanced UV-B (U+),
low Cu (Cu), high Cu (Cu+), ambient UV-B/low Cu (U/Cu), ambient UV-B/high Cu
(U/Cu+), enhanced UV-B/low Cu (U+/Cu), and enhanced UV-B/high Cu
(U+/Cu+). Significant differences indicated with * (p < 0.05).
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Fig. 3. Number of leaves > 3 cm under various UV-B and Cu exposures. Control
(c) consists of no UV-B nor Cu exposure, ambient UV-B (U), enhanced UV-B
(U+), low Cu (Cu), high Cu (Cu+), ambient UV- B/low Cu (U/Cu), ambient UVB/high Cu (U/Cu+), enhanced UV-B/low Cu (U+/Cu), and enhanced UV- B/high
Cu (U+/Cu+). Significant differences indicated with * (p < 0.05).
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Chapter 3
Root and Leaf Changes in Salix nigra Cuttings in Response to Increasing
Soil Temperature
INTRODUCTION
Salix nigra Marsh. (black willow) is a ubiquitous member of bottomland
hardwood forests and floodplains of the southeastern United States. Due to its
ease of propagation and rapid growth, not only is S. nigra a commercial
important species (Lyyra et al., 2006), its cuttings are used in wetland and
riparian remediation and restoration projects (Schaff et al., 2003).
S. nigra, as with many wetland plant species, possesses several
physiological and morphological adaptations, such as adventitious rooting (Li et
al., 2006) and the development of aerenchyma tissue (Visser et al., 1996), that
allow it to tolerate a variety of moisture regimes. Aerenchyma, a parenchyma
tissue having a large volume of intercellular space, forms air passages within the
cortex of roots and stems to facilitate the transport of O2 from shoots to roots
(Green 2010), thus alleviating O2-deficiency within roots (Pezeshki 1991, 1993).
This O2 transport function of aerenchyma tissue is especially critical under anoxic
soil conditions (Colmer 2003) such as found in wetlands. Development of
aerenchyma tissue can also be induced by other stresses, such as soil
compaction (He et al., 1996), nutrient deficiency (Postma and Lynch, 2011a), and
UV-B and Cu exposure (Baud and Pezeshki, 2011). In S. nigra, as with many
wetland species, aerenchyma development is constitutive (Li et al., 2006), i.e.,
developing in the absence of environmental stimuli.
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Anthropogenic climatic change has been documented on every continent (Du
et al., 2011; Hoegh-Guldberg 2005; Walther et al., 2005) and has already
affected biota (Chambers et al., 2011; Memmott et al., 2007). The major climatic
constituents determining plant distribution and growth are temperature and
precipitation (Aber et al., 2001). In the past trees were able to adjust to climatic
warming (Jacobson and Dieffenbacher-Krall, 1995), however, the rapid rate of
temperature increase seen in the last few decades (Hansen et al., 2006) has led
to changes in both species distribution and abundance (Hughes 2000). Evidence
indicates climatic change is likely to continue over the next 50-100 years (IPCC
1996) with temperature increases especially pronounced in the northern latitudes
(Hulme et al., 1999).
The effect of increased temperature on photosynthetic processes at
temperate latitudes is probably positive (Saxe et al., 2001) due to increases in
photosynthetic pigments as temperature increases (Ormrod et al., 1999).
Increases in nighttime average temperatures may be more beneficial, due to
avoidance of photoinhibition with a resultant increase in net photosynthesis, then
similar daytime temperature increases (Germino and Smith, 1999). However,
different species respond differently to warming (Sun and Sweet, 1996), including
increases in soil temperature (Graves and Aiello, 1997).
Increased soil temperature could result in a decline in O2 availability to the
roots and thus inhibit root growth. Declines in root growth have been shown to
limit photosynthesis via feedback inhibition (Pezeshki and Santos, 1998).
Likewise, enhanced soil temperature may increase photorespiration, resulting in
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increased leaf temperature which effects enzyme functioning in photosystem II.
Likewise, an increase in stomatal resistance would shift the [O2] to [CO2] ratio
making O2 more attractive to RuBP which enhances photorespiration. Therefore,
increased soil temperature, as a result of global warming, could initiate a stress
response in wetland tree species that induces a cascade of reactions leading to
increased aerenchyma development.
We tested the hypotheses that S. nigra responses to increases in soil
temperature by 1) increasing aerenchyma tissue formation, measured as
increases in root porosity, 2) shifting the root:shoot ratio in favor of the roots, 3)
increasing internal C concentrations, 4) decreasing net photosynthesis, 5)
decreasing transpiration, and 6) decreasing stomatal conductance.
MATERIALS AND METHODS
Plant materials
S. nigra clones were collected along the Coldwater River in Coldwater, MS,
USA, trimmed to cuttings 9.5 cm in length with a basal diameter of 7 mm, and
had all existing branches removed to conform to common planting practices.
Experimental procedures
S. nigra cuttings were grown in a 2:3 sand:soil mixture utilizing 10.5 cm
height x 7 cm diameter plastic pots. The potted cutting were randomly divided
into thirds and grown under soil temperatures of 250C, 230C, or 180C (ambient
temperature). Temperature was maintained by a thermostatically controlled heat
pad with the pots either placed directly on the pad for 25 0C or elevated 1 cm
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above the pad for 230C. No heat was applied for maintaining ambient soil
temperature; however, data showed a consistent temperature of 18 0C.
The cuttings were exposed to an 18 hour photoperiod of photosynthetic
photon flux density (PPFD) averaging 800-

2

/sec:

conducted in the laboratory equipped with supplemental light, illuminated by four
400 W high pressure sodium and four 400 W metal halide lamps in water-cooled
ballasts, providing 800 –

-2

s-1 PPFD at the leaf canopy level.

There were 12 replicates per temperature treatment. All cuttings were wellwatered and were fertilized bi-weekly using Peters Professional 20-20-20 at 5
g/L. Soil redox (Eh) was measured biweekly to monitor soil moisture conditions
using one platinum-tipped electrode per pot, four pots randomly selected per
treatment. The electrodes were inserted in soil to a depth of 3 cm, and the data
recorded using a Model 250 A ORION millivolt redox meter and a calomel
reference electrode (Thermo Orion, Beverly, MA, USA).
On day 64 net photosynthesis (Pn), stomatal conductance (gs), internal CO2
(Ci), and transpiration (E) were measured using a portable gas exchange
analyzer (Model CIRAS 2, PP Systems, Haverville, MA, USA). On day 65 the
cuttings were harvested and divided into roots and shoots to determine resource
allocation. Changes in aerenchyma was measured as changes in root porosity
(POR), the gas space volume as a percentage of the total root volume, utilizing
the method described Li et al. (2006). Shoots and roots were then dried at 700C
to a constant weight and the final weights recorded. Root/shoot ratio was
calculated as the ratio of dry root weight to dry shoot weight.
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Data analysis
A completely randomized design was employed. Significant differences
between treatments were tested with a one-way ANOVA with differences at or
less than p > 0.05 were considered significant.
RESULTS AND DISCUSSION
S. nigra responded to an increase in soil temperature by increasing
aerenchyma tissue (measured as POR) (F2,40 = 56.57; P < 0.0001) from 26% to
40% for a 50C increase and to 46% for a 70C increase (Fig. 1), indicating a stress
response similar to that reported by Baud and Pezeshki (2011) for S. nigra in
response to UV-B and Cu exposure. This plasticity and rapid response (65 days)
to increased temperature at the rhizosphere level, by increasing aerenchyma
development within the roots, allowed an increased flow of oxygen from shoots to
roots. The risk of root damage is further reduced through radial oxygen loss to
the rhizosphere (Jackson and Armstrong, 1999). Unlike some species that
correlate an increase in POR with a shift in resources allocation (Postma and
Lynch, 2011b), the response of S. nigra to increased aerenchyma development
did not include a re-allocation of resources.
Net photosynthesis (Pn) decreased (F2,27 = 14.07; P < 0.0001) in S. nigra in
response to increases in root-zone temperature (Fig 2), possibly a result related
to excessive internal temperatures adversely affecting protein functioning (Berry
and Bjorkman, 1980). The increase in Ci (F2,27 = 27.36; P < 0.0001) (Fig 3) found
in S. nigra is a result of excessive temperature within the leaf tissue leading to
increased photorespiration. Increase in internal temperature is a result of a
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decrease in E (F2,27 = 5.084; P = 0.013) (Fig 4), itself the result of the plant
responding to stress conditions by closing the stomata. A partial closing of
stomata was indicated by decreased gs (F2,27 = 3.728; P = 0.037) (Fig 5).
Therefore, the increase in Ci with the concomitant decrease in E and gs would
explain the decrease in Pn. These responses to the stress placed upon the
adventitious roots by increased soil temperatures are similar to responses found
for anoxic soil conditions, although soil redox measurements remained above +
400 mV, indicating anoxic conditions were not present. Increased soil
temperature leads to a decline in O2 availability to the roots. The response to this
potential anoxic condition involves increasing aerenchyma tissue to enhance the
availability of O2 to the roots and decreasing gs to inhibit water loss. As gs
decreases E decreases leading to increased Ci which ultimately to decreases Pn
through feedback inhibition.
The response of S. nigra to elevated soil temperature is a preview of possible
limitations global warming places upon woody wetland species. Over time, the
decrease in Pn can lead to a decrease in fitness and possibly the survival of S.
nigra as a wetland species.
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FIGURES

Figure1. S. nigra responded to increased soil temperature by increasing
aerenchyma tissue development, measured as POR (F2,40 = 56.57; P <
0.0001).
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Figure 2. Net photosynthesis (Pn) decreased (F2,27 = 14.07; P < 0.0001) in S.
nigra in response to increasing soil temperature.
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Figure 3. Internal C concentration (Ci) increased (F2,27 = 27.36; P < 0.0001) in
S. nigra in response to increased soil temperature.
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Figure 4. Transpiration rate (E) decreased (F2,27 = 5.084; P = 0.013) in S. nigra
in response to increased soil temperatures.
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Figure 5. Stomatal conductance (gs) decreased (F2,27 = 3.728; P = 0.037) in
S. nigra in response to increased soil temperature.
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Chapter 4
Response of Quercus phellos L. Seedlings to Increased Root-Zone
Temperature and Simulated Herbivory
INTRODUCTION
We investigated the effects of global warming and herbivory on willow oak
(Quercus phellos) due to its prominence in the canopy layer of the bottomland
hardwood forests of the southeastern U.S. (Lockhart et al. 2010). Bottomland
hardwood forests are highly productive ecosystems with well- documented
ecological and economic values where frequent disturbances result in a high
biodiversity. Changes in hydrology have wide-ranging ecological impacts on
these systems (Franklin et al. 2009), including changes to the biodiversity and
insect herbivore populations.
Global warming, and the associated increase in insect herbivores, could
affect both the productivity and diversity of bottomland hardwood forests (Gosling
et al. 2011). Today’s temperature increases are occurring too rapidly for some
trees species to respond (Gugger et al. 2010), impacting the future distribution of
species (Thuiller et al. 2005) as well as species survival (Thomas et al. 2004).
The behavioral response of herbivores to climate change, i.e., distribution
and increasing population numbers of herbivourous species due to increasing
minimum winter temperqtures in temperate regions, is critical in determining the
persistence of plant species (Brodie et al. 2011). While herbivory generally has a
negative impact, plants have a continuum of responses to herbivory (Hjalten et
al. 1993) ranging from no effect (e.g., Karban and Courtney 1987) to
overcompensation (Cargill and Jeffries 1984). Individual plant species should
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express a large variation in magnitude and type of response to herbivory (Hjalten
et al. 1993) due to seasonality (Bryant et al. 1991), resource availability
(Maschinski and Whitham 1989), intensity and frequency of herbivory (e.g.,
Kulman 1971), or stress (Oesterheld and McNaughton 1991). Long-lived, slowgrowing plants have less ability to regenerate lost tissue compared to short-lived
but fast-growing species (Garnier 1991).
Many plants can adapt photosynthesis and respiration in response to
changing temperature (Lambers et al. 1998). In temperate latitudes the effects on
photosynthetic processes is probably positive (Saxe et al. 2001) due to
photosynthetic pigments increasing in response to temperature increases
(Ormrod et al. 1999). However, if temperatures exceed the maximum for protein
functioning photosynthesis is inhibited (Larcher 1994) due to the sensitivity of
Photosystem II (Berry and Bjorkman 1980). While higher atmospheric
temperatures can stimulate photorespiration, thus reducing net photosynthesis
(Long 1991), these increased above ground temperatures also translate into
higher soil temperatures. Different species respond differently to increases in soil
temperature (Graves and Aiello 1997).
The major force in moving moisture from the terrestrial system back to the
atmosphere is transpiration and leaf herbivory can substantially alter transpiration
affecting plant reproduction and growth (Cunningham et al. 2009). Defoliation
reduces the area available for photosynthesis and reduces net photosynthesis
(Pn) in the remaining leaf tissues (Meyer et al. 2001). Decreases in Pn can also
result from cessation of root growth through feedback inhibition due to
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carbohydrate buildup (Pezeshki and DeLaune 1998), which can translate into
decreased total biomass (Brown and Pezeshki 2000).
To determine the effects of simulated climate change on bottomland
hardwood forest woody species we tested the hypotheses that Q. phellos, one of
the most ubiquitous canopy level trees of southeastern wetland forests, will
respond to simulated increased herbivory, and increased soil temperature, by 1)
increasing new foliage production, 2) allocating more resources towards the
shoots, 3) decreasing transpiration and stomatal conductance leading to
decreasing net photosynthesis, 4) increasing internal C, and 5) having an
significant interactive effect.
MATERIALS AND METHODS
Plant Materials
Willow oak (Q. phellos) seeds were collected along the Coldwater River in
Coldwater, MS, USA, stored at approximately 4OC for 30 days, then spread over
a 2:3 sand:soil mixture and lightly covering with oak leaves. First year plants
were transplanted to 10.5 cm h x 7 cm diameter plastic pots, allowed to stabilize
for two weeks, than randomly assigned to treatments in a 3 x 3 factorial design.
Treatments were applied simultaneously in order to test for interactive, as well as
separate, effects.
Experimental procedures
The potted first year plants were grown under soil temperatures of 25 OC,
23OC, and 21OC (ambient temperature) with temperature maintained by
athermostatically controlled heat pad. Pots were placed directly on the pad to
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achieve 25OC, raised 1 cm above the pad for 23OC, no heat was applied for
ambient soil temperature.
Plants were exposed to an 18-hour photoperiod of photosynthetically active
radiation (PAR) averaging 800-1000 micromoles photons/m2/sec in the
laboratory at the University of Memphis campus.
A completely randomized design utilized 12 plants per temperature
treatment. All plants were well-watered and fertilized monthly using Peters
Professional 20-20-20. Soil redox (Eh) was measured biweekly to monitor soil
moisture conditions using one platinum-tipped electrode per pot, four pots
randomly selected per treatment. The electrodes were inserted in soil to a depth
of 3 cm, and the data recorded using a Model 250 A ORION millivolt redox meter
and a calomel reference electrode (Thermo Orion, Beverly, MA, USA). Oxygen
begins to disappear from the soil at an approximate Eh value of +350 mV
(DeLaune and Pezeshki, 1991).
Herbivory was simulated using a hole punch to remove leaf tissue from newly
developed foliage without severing major veins. No tissue was removed for 0%
leaf herbivory, 10% of the total tissue/plant was removed for 10% leaf herbivory,
and 30% leaf tissue was removed for 30% herbivory.
On day 74 the total number of leaves was recorded for each plant to
determine allocation of resources. The first mature leaf at the apex of the shoot
was used to measure net photosynthesis (Pn) and transpiration (E) using a
portable gas exchange analyzer (Model CIRAS 2, PP Systems, Haverville, MA,
USA). The following day, all plants were harvested and divided into roots and
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shoots. Resource allocation was determined by measuring shoot and root
biomass after drying at 70OC to a constant weight and the final weights recorded.
Root/shoot ratio was calculated as the ratio of dry root weight to dry shoot
weight.
Data analysis
Significant differences between treatments were tested with a two-way
ANOVA and Scheffe’s post hoc multiple range test was used to examine all pairwise group differences. Differences were considered significant at p ≤ 0.05. All
statistical analyses were made using SPSS 14.0.
RESULTS
Q. phellos foliage increased in response to increased soil temperature (F(2,33)
= 58.56, P < 0.0001) and increased simulated herbivory (F(2,33) = 33.62, P <
0.0001) (Table 1, Fig. 1) resulting in a shift in resource allocation to the shoots
(Fig. 2) in response to increased soil temperature (F(2,33) = 9.35, P = 0.0002) and
simulated herbivory (F(2,33) = 67.1, P < 0.0001). However, shoot biomass
decreased in response to herbivory (F(2,33) = 88.47, P < 0.0001) (Fig. 3).
Transpiration rate decreased only in response to herbivory (F(2, 33) = 60.06, P
< 0.0001) (Fig. 4) while net photosynthesis decreased in response to both
temperature (F(2,33) = 170.07, P < 0.0001) and herbivory (F(2, 33) = 259.85, P <
0.0001) (Fig. 5) with a concomitant decrease stomatal conductance in response
to temperature (F(2,33) = 85.8, P < 0.0001) and herbivory (F(2,33) = 443.8, P <
0.0001) (Fig. 6) resulting in increased internal C increased in response to

111

temperature (F(2,33) = 4.39, P = 0.015 and herbivory (F(2,33) = 26.19, P < 0.0001)
(Fig. 7).
Temperature and herbivory were interactive for resource allocation (F(2,33) =
11.28, P < 0.0001) (Fig. 2) and for stomatal conductance (F(2,33) = 17.64, P <
0.0001) (Fig. 6).
DISCUSSION
While Q. phellos responded to herbivory with an overcompensatory increase
in foliage irrespective of temperature, the root-zone temperature response was
significant only at 25OC (Fig. 1). The response to herbivory, and increased rootzone temperature, was a shift in the allocation of resources to the shoots
indicating that leaf loss due to herbivory was compensated for at the expense of
the root system.
There was a positive interaction between root-zone temperature and
herbivory resulting in a greater shift in resources than expected if responses
were additive (Fig. 2). This increase in foliage, and the subsequent shift in
resources, may not accurately reflect the response of older Q. phellos
individuals, as younger trees, such as used in this study, exhibit greater response
to defoliation than mature individuals (Boege 2005). However, if the resultant
shift in resource allocation by Q. phellos in response to herbivory and to
increased root-zone temperature is a long-term strategy, the ultimate survival of
this wetland species may be in question because fewer resources to the roots
results in decreased root growth, resulting in a decrease in both nutrient and
water uptake for the plant.
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The overcompensatory foliage increase, measured as an increase in the
number of leaves (Fig. 1), was offset by smaller leaf size, indicated by an overall
decrease in shoot biomass in response to increasing herbivory (Fig. 3). The
combination of increasing temperature and increasing herbivory resulted in
smaller overall plants due to tissue loss and decreases in foliage growth.
Herbivory had no effect on transpiration rates (E) however, there was a trend
for (E) to decrease in Q. phellos in response to increasing root-zone temperature
with significance only found at 25OC (Fig. 4) unlike a compensatory transpiration
rate reported by Quentin et al. (2011) in response to 45% defoliation resulted in
compensatory transpiration. As the Q. phellos trees were maintained in a wellwatered soil condition this decrease in E was not a reflection of water stress and
is more likely a result of shifting physiological demands related to foliation
production overcompensation. However, a warmer rhizosphere, and the
increased water demand generated by increased foliage development, can
result in stomatal regulation and decreased E.
The response of Q. phellos to a root-zone temperature of 25OC and
herbivory at 30% was a decrease in Pn (Fig.5) due to decrease in stomatal
conductance (gs) (Fig. 6) which inhibited both E and gas exchange. Temperature
and herbivory were also interactive. However, decreased Pn can also result from
metabolic (non-stomatal) inhibition (Pezeshki 1993). The decrease in Pn also
helps to explain the increase in internal C concentration (Ci) in response to high
levels of herbivory (30%) and high soil temperature (25OC) (Fig. 7).
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In conclusion, Q. phellos responded to increasing soil temperature by
increasing foliage, which explains the shift in resources to the shoot system with
decreases in transpiration and concomitant decreases in Pn rates. In response to
herbivory Q. phellos exhibited a foliage decrease followed by a significant
increase in foliage in response to increased herbivory, once again shifting
resources to the shoot system with declines in Pn and transpiration rates. It
appears Q. phellos has a threshold response to increased soil temperature and
increased defoliation which limits stomatal functioning leading to declining Pn
and E indicating possible negative consequences for this species if global
temperatures increase.
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TABLES

Source
Herbivory
Temperature
HxT
Error
Total

df
2
2
4
98
106

F
58.56
33.62
6.5

P
<.0001
<.0001
0.0001

Table 1: Two-way ANOVA Summary for number of leaves/plant.
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FIGURES

Figure 1: Effects of enhanced soil temperature and increased simulated herbivory on number of leaves/Q.
phellos seedlings. Increase in the number of leaves/plant in response to simulated leaf herbivory was only
significant at 30% defoliation (F(2,33) = 33.62, p < 0.0001) across all temperature regimes. While there was
a corresponding increase in leaves/plant across the temperature regimes when compared to the control
(F(2,33) = 58.56, p < 0.0001), there was no temperature-herbivory interactions. Significance was determined
at ≤ 0.05 and differences within temperature treatments indicated by * with error bars representing +/standard error (SE).
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Figure 2: Q. phellos responded to increased herbivory (F(2,33) = 67.1, p < 0.0001) and increasing
root-zone temperature (F(2,33) = 9.35, p = 0.0002) by shifting the allocation of resources to the
shoots.
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Figure 3: Q. phellos decreased shoot biomass in response to herbivory (F(2,33) = 88.47, p < 0.0001).
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Figure 4: Transpiration rate (E) decreased in Q. phellos plants (F(2, 33) = 60.06, p < 0.0001) in
response to herbivory.
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Figure 5: Net photosynthesis (Pn) in Q. phellos plants decreased in response to increased soil
temperature (F(2, 33) = 170.07, p < 0.0001) and in response to herbivory (F(2,33) = 259.85, p < 0.0001).
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Figure 6: Q. phellos decreased stomatal conductance (gs) in response to both herbivory (F(2,33) =
443.8, p < 0.0001) and root-zone temperature (F(2,33) = 85.8, p < 0.0001) increases with an positive
interaction effect at 250C and 30% herbivory (F(2,33) = 17.64, p < 0.0001).
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Figure 7: Q. phellos increased internal C concentrations (Ci) in response to herbivory (F(2,33) =
26.19, p < 0.0001) and temperature (F(2,33) = 4.39, p = 015).
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Chapter 5
Response of adventitious rooting in Salix nigra and Acer negundo cuttings
to exogenous sucrose
Introduction
Salix nigra Marsh. (black willow) and Acer negundo L. (box elder) are
ubiquitous members of bottomland hardwood forests and floodplains of the
southeastern United States (Mitch & Gosselink 1993). The seasonal influx of
water and sediment helps to maintain the disturbance regime required for the
establishment and survival of wetland species such as S. nigra and A. negundo
(Poff et al. 1997; Bendix & Hupp 2000). However, due to these periodic
disturbances and the heterogeneity of bottomland hardwood forests, these
wetlands are susceptible to invasion by non-native species (Planty-Tabacchi et
al. 1996; Stohlgren et al. 1998; Hood & Naiman 2000).
Human activities also impact the function and structure of wetland systems
globally (Chapin et al. 1997; Vitousek et al. 1997; Jackson et al. 2001) by altering
the presence/absence, of woody vegetation which can alter surface and
subsurface hydrology through changes in transpiration rates (E) (Zhang et al.
2001; Huxman et al. 2005). Therefore, fast growing and easily propagated
species such as S. nigra are often used in wetland and riparian remediation and
restoration projects (Schaff et al. 2003; Kuzovkinas & Quigley 2005).
S. nigra readily develops adventitious roots (Li et al. 2006), and as with many
wetland plant species, possesses several other physiological and morphological
adaptations, such as the formation of aerenchyma tissue (Blom & Voesenek,
1996; Visser et al. 1996), that allow toleration to a variety of moisture regimes.
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Likewise, A. negundo is a fast-growing, short-lived species (Green 1934),
reaching its peak between 15 to 20 years of age (Hepting 1971) with mature
members able to survive up to 30 days inundation (Hosner 1958, 1960). A.
negundo seedlings survive water-saturated soils through the development of
adventitious roots (Hosner & Leaf 1962). Like S. nigra, A. negundo can act as a
pioneer species, but usually follows cottonwood (Populus deltoids Bartram ex
Marsh.) and willow (Salix spp) (Hosner & Minkler 1960). A. negundo is both an
understorey species, capable of surviving shade in excess of 90%, and a canopy
species (Dewine & Cooper 2008).
Aerenchyma, parenchyma tissue having a large volume of intercellular space
(Green 2010), forms air passages within the cortex of roots and stems to
facilitate the transport of 02 from shoots to roots (Armstrong 1979; Grosse et al.
1991) to alleviate O2-deficiency within roots (Pezeshki 1991, 1993). This 02
transport function is especially critical under hypoxic conditions (Shannon et al.
1996; Colmer 2003) found in wetlands.
Oxygen stress within a plant’s roots stimulates ethylene production, which
initiates aerenchyma development (He et al. 1996a; Parlani et al. 2011).
Aerenchyma tissue development can also be induced by other stressors, such as
soil compaction (He et al. 1996b), drought (Postma & Lynch 2011a), nutrient
deficiency (Drew et al. 1989; Postma & Lynch 2011a, 2011b), UV-B and Cu
exposure (Baud & Pezeshki 2011). Although stress enhances aerenchyma
development in S. nigra (Baud & Pezeshki 2011), as with many wetland species,
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lysigenous aerenchyma development is also constitutive (Evans 2003; Li et al.
2006), i.e., developing in the absence of environmental stimuli.
Ethylene, considered a stress hormone (Morgan & Drew 1997), is particularly
important for cell elongation (Pierik et al. 2004; Voesenek et al. 2004; Millenaar
et al. 2005) and the promotion of adventitious rooting (Drew et al. 1979). When
cuttings (section of shoot without secondary stems, leaves, or roots) are used in
restoration and stabilization projects, the rapid development of adventitious roots
is critical. Survival of newly planted cuttings depends on establishing water flow
via transpiration, and the first step in this process is developing adventitious roots
that can rapidly absorb water to replenish losses thus reducing water stress
(Gilbertson & Bradshaw 1990; Watson & Himelick 1997).
A major factor in determining survivability of transplanted trees is the
root:shoot ratio (Percival & Frazer 2005) and treating the roots of young trees
with a sugar solution enhances root growth upon transplantation (Percival 2004).
Treating roots with sucrose, fructose or glucose resulted in both increased root
formation and lateral root branching in wheat (Bingham & Stevenson 1993;
Bingham et al. 1997, 1998), and in transplanted birch (Betula pendula Roth) after
severe root pruning (Percival & Frazer 2005). As the major photoassimilate,
sucrose is transported to the root elongation zone where it is hydrolyzed into
simple sugars by invertase or sucrose synthase to provide energy via respiration
(Salisbury & Ross 1992; Lindqvist & Asp 2002; Atsushi et al. 2009). The use of
sugars as direct substrates for root growth is implied by improved root growth
correlated with decreases in photosynthetic rates (Pn) (Lindqvist & Asp 2002).
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Plant development can be controlled by sugars, generated by photosynthesis
and carbon metabolism, acting as signaling molecules to modulate development,
growth, and particularly cell expansion and division, as well as stress responses
(Rolland et al. 2006; Eveland & Jackson 2011). Sucrose metabolism has been
found to be involved in modification of gene expression (Farrar et al. 2000; Borek
& Nuc 2011) and as such reducing transplant stress, thereby permitting
increased shoot and leaf growth (Percival & Fraser 2005).
Soaking cuttings in water prior to transplanting increases biomass and
survival (Schaff et al. 2002; Desrochers & Thomas 2003; Pezeshki et al. 2005;
Pezeshki & Shields 2006) over cuttings transplanted without soaking. Studies on
the effects of sugars on plants indicate greater benefits can be obtained by
treating roots with sugar solutions prior to transplanting (Percival & Frazer 2005;
Rolland et al. 2006). Therefore, we hypothesized that soaking cuttings of S. nigra
and A. negundo in sucrose solutions would 1) shift resource allocation to the
roots as evidenced by increased adventitious rooting and increased the mean
root length, 2) increase root porosity, 3) increase photosynthetic rate, and 5)
increase survivability of the transplanted cuttings.
Materials and Methods
Plant Material
Black willow (S. nigra) and box elder (A. negundo) stems were collected
along the Coldwater River in Coldwater, MS, USA in early spring and trimmed to
cuttings (20 mm basal diameter and 48 cm height) with all existing branches
removed to conform to common planting practices (Baud and Pezeshki 2011).
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Experimental Procedures
Each treatment consisted of ten replicates (cuttings – either A. negundo or S.
nigra) which were completely submerged in buckets containing either 0%, 2%, or
4% sucrose solution. On day five cuttings with adventitious root buds were
removed from the buckets, rinsed, and ten A. negundo and ten S. nigra cuttings
from the controls and each of the treatments were randomly selected and placed
in separate 1000 ml glass flasks containing approximately 1000 ml of nutrient
solution (Fan et al. 2003). Flasks were wrapped completely in aluminum foil to
simulate below soil conditions for root growth, 24 cm of the cutting was
submerged in the nutrient solution and the other half of the cutting free of the
solution and exposed to the light regime.
The cuttings were grown hydroponically and exposed to an 18 hour
photoperiod of photosynthetic photon flux density (PPFD) averaging 800-1000
moles photons/m2/sec: conducted in the laboratory equipped with supplemental
light, illuminated by four 400 W high pressure sodium and four 400 W metal
halide lamps in water-cooled ballasts, providing 800 – 1000 micromols m-2 s-1
PPFD at the leaf canopy level.
Temperature (18°C±1°C) was checked daily at noon. One-third of the
nutrient solution was replaced every second day (Baud & Beck 2005) and acidity
was measured and adjusted using KOH, if necessary (e.g. Fan et al. 2003), to
maintain an acidic environment (pH 6.8) similar to that found in some wetlands.
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Plant Measurements
On day 60 net photosynthesis (Pn) was measured using a portable gas
exchange analyzer (Model CIRAS 2, PP Systems, Haverville, MA, USA).
Changes in aerenchyma tissue development was measured as changes in
root porosity (POR), the gas space volume as a percentage of the total root
volume utilizing the method described in Li et al. (2006).
For determination of resource allocation the number of adventitious roots
were counted, their length measured, then shoots and roots were separated,
dried at 70°C to a constant weight and the final weights recorded. Root/shoot
ratio was calculated as the ratio of dry root weight to dry shoot weight.
Data Analysis
A completely randomized design was employed. Significant differences
between treatments were tested with a one-way ANOVA. Differences were
considered significant at p<0.05.
Results
Mean POR/cutting increased from 17.1 % to 18.7 % for A. negundo (F(9,29) =
9.490, p = 0.001) and from 31.9% to 35.2% for S. nigra (F (9,29) = 4.56, p = 0.019)
(Fig. 1).
Number of adventitious roots/cutting increased for A. negundo from a mean
of 14.1 for controls to a mean of 21.8/cutting for those soaked in 2% and 23.7 for
those soaked in 4% sucrose solutions (F(9,29) = 9.58, p = 0.001). The mean
number of adventitious roots for S. nigra increased from 18.2/cutting (control) to
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22.5/cutting for those soaked in the 2% sucrose solution and 27.7/cutting for
those soaked in the 4% sucrose solutions (F(9,29) = 13.76, p <0.001) (Fig 2).
Mean root length increased from 54.3 mm to 69.2 mm for A. negundo (F(9,29)
= 7.85, p = 0.002) and from 63.4 mm to 79.4 mm for S. nigra (F(9,29) = 28.07, p <
0.001) (Fig. 3) over controls.
The mean root:shoot ratio/cutting increased from 0.551 (control) to 0.624
(4% sucrose) for A. negundo (F(9,29) = 9.021, p = 0.001). Pre-soaking in sucrose
increased the root:shoot ratio for S. nigra from 0.554 (control) to 0.658 (4%
sucrose) (F(9,29) = 16.36, p <0.001) (Fig. 4).
A. negundo cuttings soaked in a 2% sucrose solution had a survival rate of
95%, 20% greater than the controls while for S. nigra the survival rate was 17%
greater than the controls, or 96% survival. At 4% sucrose A. negundo’s survival
dropped to 90% and the survival rate for S. nigra dropped to 92% (Fig. 5).
No significance was found for Pn across treatments for either A. negundo or
S. nigra.
Discussion
Soaking cuttings of A. negundo and S. nigra in a dilute sucrose solution (2%
to 4%) for 5 days prior to transplanting enhances root growth and survival.
In A. negundo and S. nigra the mean POR/cutting increased (Fig. 1) when
the cuttings were soaked in either a 2% or 4% sucrose solution prior to
transplanting. While nutrient levels were maintained for the cuttings throughout
the study, no effort was made to oxygenate the nutrient solution, thus there was
an expectation the adventitious roots of both species would develop aerenchyma
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tissue in response to anoxic conditions. Pre-conditioning the cutting by soaking in
dilute sucrose solutions resulted in increased POR, a measure of porosity that
can be related to aerenchyma development. This increase in POR helps reduce
transplant shock and suggests enhanced root vigor (Percival 2004).
Genes have been found that are involved initiating rooting (Sole et al. 2008;
Vielba et al. 2011) and specifically in the induction of adventitious roots (Lindroth
et al. 2001a, 2001b; Busov et al. 2004; Sanchez et al. 2007; Smolke et al. 2009).
Sucrose, acting as a substrate, can initiate gene expression, by affecting a
sugar-sensing system which shifts carbon to root development (Koch 1996;
Martin et al. 1997) which could help explain the increase we found in POR in
response to sucrose soaking (Fig. 1), as well as the increase in adventitious
rooting (Fig 2).
With a major step in vegetative propagation being the formation of
adventitious roots (Klerk et al. 1999; Ricci et al. 2008), many studies have
investigated improving adventitious rooting by testing different plant hormones
and non-hormonal bioactive compounds (Selby et al. 1992; Tyburski et al. 2006;
Imin et al. 2007; Mutui et al. 2010) such as sugars (Li et al. 2009). We found pretreating cutting with dilute sucrose solutions (2% - 4%) significantly increased the
number of adventitious roots in A. negundo and S. nigra cuttings (Fig. 2). This
could be related to a critical phase of adventitious root formation that involves the
establishment of sinks by sucrose unloading from apoplastic routes, and later
maintenance from symplastic unloading (Ahkami et al. 2009).
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As auxin is critical in root initiation (Thimann 1936; Tanimoto 2005;
Nakhooda et al. 2011), and sugars are thought to function in mediating auxin
signal transduction during the formation of adventitious roots (Li et al. 2009), our
study points to indications of exogenous sucrose possibly having a mediating
effect on auxin, and thus adventitious root initiation. However, due to its potential
rapid hydrolyzation it is difficult to determine whether sucrose, or its breakdown
products glucose and fructose, is acting as the actual signalling molecule
(Smeekens 2000).
We found root growth (length) increased for both A. negundo and S. nigra
cuttings upon application of exogenous sucrose in the form of pre-soaking (Fig.
3), simular to findings in Arabidopsis root growth and development (Nacry et al.
2005: Karthikeyan et al. 2007). However, as the rate and extent of root formation
is both age-limited (Greenwood et al. 1989) and species-dependent (Greenwood
& Weir 1995) we would expect to see differences between wetland and upland
species.
The root:shoot ratio shifted towards the roots for both A. negundo and S.
nigra cuttings soaked prior to transplanting in dilute sucrose solutions (Fig 4).
This is understandable given the increase in number and length of adventitious
roots in response to exposure to exogenous sucrose.
Survival rate for cutting of both A. negundo and S. nigra increased in
response to soaking in 2% sucrose solutions (Fig. 5), but declined in response to
soaking in 4% sucrose indicating a threshold effect. While survival of cutting can
be negatively impacted by embolisms resulting from the removal of the cutting
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from the parent plant, there is evidence that sucrose stimulates a response to
embolism (Secchi & Zwieniecki 2011) and possibly acts as a signal that results in
altered gene expression (Chiou & Bush 1998; Rolland et al. 2002; Hammond &
Whiten 2008), that could enhance survival of cuttings used in remediation and
restoration projects. The source of this sucrose could be the leakage from the
parenchyma cells of the xylem (Zwieniecki & Holbrook 2009) through the
breakdown of stored starch (Salleo et al. 2009). However, the uptake of
exogenous sucrose into the xylem, from the cuttings soaking in a sucrose
solution, could fulfill the same roll as sugars released from the parenchyma cells.
We found no significant differences in Pn between the controls and the
treatments, nor any significant differences in foliage biomass. While there was a
trend towards increased biomass significance was only found in shifts in the
root:shoot ratio of both A. negundo and S. nigra cuttings exposed to dilute
sucrose solutions before transplanting.
In conclusion, pre-soaking cuttings of A. negundo and S. nigra, both wetland
species, in dilute sucrose solutions (2% and 4%) prior to transplanting increased
the number of adventitious roots and their length which resulted in a shift of
root:shoot ratio to the roots. However, survivability of the transplanted cuttings
indicated that is a threshold for sucrose that is between 2% and 4%. Therefore,
pre-soaking in sucrose is an easy and inexpensive method of enhancing
transplant survival of cuttings of these two important wetland species and could
prove to be a useful tool in restoration and stabilization projects.
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Figures

Fig.1. Effect of exogenous sucrose application to mean POR of adventitious
roots of A. negundo (F(9,29) = 9.490, p = 0.001) and S. nigra (F (9,29) = 4.56, p
= 0.019) cuttings (* indicates significance).
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Fig. 2. Mean number of adventitious roots increased in response to application of
exogenous sucrose to cuttings of A. negundo (F(9,29) = 9.58, p = 0.001) and S.
nigra (F(9,29) = 13.76, p <0.001) (* indicates significance).
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Fig. 3. Application of exogenous sucrose to cuttings of A. negundo (F(9,29) =
7.85, p = 0.002) and S. nigra (F(9,29) = 28.07, p < 0.001) increased adventitious
root length (* indicates significance).
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Fig. 4. A. negundo (F(9,29) = 9.021, p = 0.001) and S. nigra (F(9,29) = 16.36, p
<0.001) cuttings responded to exogenous sucrose exposure by shifting biomass
towards the roots (* indicates significance).
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Fig. 5. Exposure to exogenous sucrose resulted in greater survival of A. negundo
and S. nigra cuttings when compared to cuttings without sucrose exposure (*
indicates significance).
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Chapter 6
Response of Three Bottomland Hardwood Forest Tree Species to RootZone Exogenous Ethanol
1

Introduction
Ethanol’s complete miscibility in water allows it to percolate into groundwater

where it can enhance the concentration of other contaminants and toxins
(Corseuil and Fernandes 1999). In the rhizosphere ethanol is preferentially
degraded by electron acceptors thereby depleting the electron acceptor pool
(Corseuil et al. 1998) and subsequently changes the soil chemistry to produce
stressful root-zone conditions (Pezeshki 2001), which can inhibit growth.
However, some tree species synthesize ethanol in response to anoxic conditions,
increasing root ethanol content three- to twelve-fold (Crawford and Baines 1977).
Seeds of a variety of flood-tolerant Echinochloa crus-galli (L.) P. Beauv.
accelerated glycolysis under anoxic conditions resulting in the concomitant
production of large quantities of ethanol (Morimoto and Yamasue 2007), and
Lycopersicon esculentum (L.) synthesized ethanol in response to exogenous
ethanol (Kelly and Salveit 1988). Corseuil and Moreno (2001) reported
exogenous ethanol readily crosses the endodermis, entering roots at the same
rate as the nutrient solution containing the ethanol, allowing Salix babylonica (L.)
cuttings to reduce soil ethanol concentrations by more than 99% in under a
week.
Roots rapidly synthesize ethanol when flooded, with some ethanol
accumulating and some transported to stem (Gladwin and Kelsey 1997) where it
is metabolized into organic acids and other primary metabolites before entering
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the general metabolism (MacDonald and Kimmerer 1993). Endogenous ethanol
content therefore fluctuates seasonally and in response to changes in hydrology
(Kelsey et al. 2011) and its synthesis is associated with stabilizing cytoplasmic
pH which protects cells from further metabolic deterioration or injury by acidosis
(Xia and Roberts 1994). Higher alcohol concentrations are found in root tips than
other parts of the root (Wignarajah and Greenway 1976) and can be exuded to
the rhizosphere (Jayasekera et al. 1990).
Alcohol fermentation may be critical for surviving periods of hypoxia and
anoxia (Waters et al. 1989), a response initiated by the induction of alcohol
dehydrogenase (ADH) in the ethanolic fermentation pathway. Anoxic
rhizospheric conditions cause rapid increases in ADH activity in roots which
increase endogenous ethanol concentrations (Liao and Lin 1995). However,
elevating the activity of these enzymes is effective only where flooding is
ephemeral (Benz et al. 2007).
Salix nigra Marsh. (black willow), Quercus phellos L. (willow oak) and Acer
negundo L. (box elder) are ubiquitous members of the bottomland hardwood
forests and floodplains of the southeastern United States, wetland communities
with high biomass production. While the seasonal influx of water and sediment to
these systems help maintain the disturbance regime required for the
establishment and survival of wetland species (Cassonova and Brock 2000) as
well as their high biodiversity (Naiman et al. 2000), human activity is impacting
wetlands globally (Birgand et al. 2007).
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Aerenchyma, a parenchyma tissue having a large volume of intercellular
space (Green 2010), forms air passages within the cortex of roots and stems to
facilitate the transport of 02 (Grosse et al. 1991) thus alleviating O2-deficiency
within roots (Pezeshki 1991, 1993), facilitating the oxidation of harmful elements,
and removing potentailly detrimental gases from root tissue and the rhizosphere
(Colmer 2003). Aerenchyma tissue development can be induced by hypoxic
conditions and stressors such as soil compaction (He et al. 1996), drought and
nutrient deficiency (Postma and Lynch 2011), and UV-B and Cu exposure (Baud
and Pezeshki 2011). Moreover, stressed roots can influence shoot development
via signals sent through the transpiration stream (Jackson 2002).
Although the first sites for limiting the photosynthesis rate (Pn) are the
stomata (Pell et al. 1994), declines in Pn can result from cessation of root growth
through feedback inhibition due to carbohydrate buildup (Pezeshki and DeLaune
1998) resulting in a decline in total biomass (Brown and Pezeshki 2000).
However, day-to-day regulation of stomatal conductance (gs) is more often a
response to transpiration rates (E), humidity, and light levels (Roberts 2000).
Changes in E can substantially affect plant reproduction and growth
(Cunningham et al. 2009), alter the microclimate around the foliage (Pataki et al.
1998), and possibly affect water use at the catchment scale (Cornish and
Vertessy 2001).
Ethanol is always found within the roots of forest trees (MacDonald and
Kimmerer 1993) indicating machinery is already in place for utilizing low levels of
endogenous ethanol as an energy source. However, the response to exogenous
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ethanol has not been investigated. We therefore hypothesized that exogenous
ethanol application to the root-zone 1) shifts resource allocation to the roots, 2)
increases root porosity (POR) in response to increased stress and, 3) decreases
net photosynthesis leading to a decrease in total biomass.
2

Materials and Methods

2.1 Plant Material
Willow oak (Q. phellos) seeds and black willow (S. nigra) and box elder (A.
negundo) stems were collected along the Coldwater River in Coldwater, MS,
USA. Q. phellos seeds were stored at approximately 40C for 30 days, then
spread over a 2:3 sand:soil mixture and lightly covered with oak leaves. S. nigra
and A. negundo stems were trimmed to cuttings (20 mm basal diameter and 48
cm height) with all existing branches removed to conform to common planting
practices (Baud and Pezeshki 2011) and completely submerged in water to soak
for five days.
2.2 Experimental Procedures
After soaking 12 A. negundo and S. nigra cuttings with adventitious root buds
were removed from the water and planted, and Q. phellos seedlings were
transplanted, to 10.5 cm h x 7 cm diameter plastic pots containing a 2:3
sand:potting soil mixture, allowed to stabilize for two weeks, than randomly
assigned to treatments.
This experiment was conducted using three ethanol concentrations (0, 1000
and 2000 mg L−1) (e.g., Corseuil and Moreno 2001).
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This experiment was conducted in the laboratory equipped with supplemental
light, illuminated by four 400 W high pressure sodium and four 400 W metal
halide lamps in water-cooled ballasts, providing 800 – 1000 µmols m-2 s-1
photosynthetic photon flux density (PPFD) at the leaf canopy level. The plants
were exposed to an 18-hour photoperiod.
All plants were well watered using the above ethanol concentrations and the
temperature (18°C±1°C) was checked daily at noon and maintained at 18 °C ±
1°C for the 64 days of the experiment.
2.3 Plant Measurements
For determination of resource allocation the total number of leaves was
recorded on day 64, then net photosynthesis (Pn), transpiration (E), stomatal
conductance (gs), and leaf internal CO2 (Ci) were recorded using a portable gas
exchange analyzer (Model CIRAS 2, PP Systems, Haverville, MA, USA). The
following day the cuttings were harvested and divided into roots and shoots.
Changes in aerenchyma was measured as changes in root porosity (POR), the
gas space volume as a percentage of the total root volume, and was used to
measure changes in aerenchyma tissue development utilizing the method
described in Li et al. (2006). Resource allocation was determined by measuring
both total biomass and root biomass. Shoots and roots were then dried at 700C
to a constant weight and the final weights recorded. Root/shoot ratio was
calculated as the ratio of dry root weight to dry shoot weight.
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2.4 Data Analysis
A completely randomized design was employed. Significant differences
between treatments (0 mg ethanol L-1, 1000 mg ethanol L-1 and 2000 mg ethanol
L-1) were tested with a one-way ANOVA. Differences were considered significant
at p<0.05.
3

Results

3.1 Photosynthesis
Ethanol application to the root-zone led to decreased Pn in A. negundo
(F(31,33) = 149.3; p < 0.001) and Q. phellos (F(27,29) = 104.5; p < 0.001) (Fig. 1), as
well as decreased E in A. negundo (F(31,33) = 40.95; p <0.001) and in Q. phellos
(F(27,29) = 88.3; p < 0.001) (Fig. 2). Ci concentration increased in A. negundo
(F(31,33) = 20.94; p < 0.001) and S. nigra (F(33,35) = 3.54; P = 0.04) (Fig. 3).
3.2 Morphology
Root-zone ethanol had no significant effect on leaf number irrespective of
species, however resource allocation shifted to the roots in S. nigra (F(33,35) =
3.55; p = 0.04), A. negundo (F(31,33) = 7.05; p=0.003), and Q. phellos (F(27,29) =
0.741; p = 0.049) (Fig. 4). While POR increased for S. nigra, from 23% to greater
than 41% (F(33,35) = 51.8; p < 0.001) and for A. negundo from 20% to 38% (F(31,33)
= 73.82; p < .001) (Fig. 5), there was no significant change in total biomass
between treatments for the three species.
4

Discussion
Root-zone ethanol treatment led to A. negundo and Q. phellos responding

with decreased Pn (Fig. 1) and E (Fig. 2), and increased Ci (Fig. 3). The
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response of S. nigra to root-zone ethanol was a trend towards decreased E (Fig.
2) and a concomitant trend for increased Ci (Fig. 3) indicating a metabolic
dysfunction of the photosynthetic system. Stress often leads to stomatal closure
(Pezeshki et al. 1996a, b) which inhibits gas exchange resulting in decreases in
Pn (Pezeshki 1993).
Although tree species have low levels of ethanol in various tissues under
normal conditions and are able to metabolize endogenous ethanol, the uptake of
exogenous ethanol differs by species. While exogenous ethanol can be utilized,
there are stress effects associated with its use, such as shifting resource
allocation to the roots and decreased Pn.
In response to exogenous root-zone ethanol, A. negundo, S. nigra, and Q.
phellos had no significant change in total biomass however, resources were reallocated to the roots (Fig. 4) across the treatments. The magnitude of response
seen in A. negundo and S. nigra was partly a reflection an apparent lower initial
investment in the root system. The re-allocation of resources seen in Q. phellos
in response to 2000 mg ethanol/L could indicate a threshold response which
reflects the differences between adventitious roots (A. negundo and S. nigra) and
the more established roots of Q. phellos, where suberin would inhibit the uptake
of, and thus the response to, ethanol.
A. negundo developed aerenchyma tissue in response to roots being
exposed to ethanol at 1000 mg/L, but not at 2000 mg/L (Fig. 5), suggesting
higher root-zone ethanol levels resulted in a shift to alcohol fermentation as an
energy source, thereby negating the necessity of developing aerenchyma tissue.
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S. nigra responded by increasing aerenchyma tissue as root-zone ethanol
concentrations increased, a response similar to those reported for other stressors
(Baud and Pezeshki 2011). While Q. phellos is a member of bottomland
hardwood forests, aerenchyma formation for this species isn’t an option.
This study indicates the usefulness of S. nigra in phytoremediation of areas
that have ethanol-contaminated groundwater, such as spills associated with
transport and transfer of ethanol. Although A. negundo and Q. phellos are
members of the same wetland forest community as S. nigra, S. nigra is much
more flood tolerant and may have mechanisms that allow it to tolerate higher
exogenous and endogenous ethanol levels. Unlike S. nigra, neither A. negundo
nor Q. phellos is suitable for phytoremediation due to the long-term
consequences of decreasing Pn, which can result in decreases in biomass and
survivability.
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Figures

Fig. 1 Net photosynthesis decreased in response to root-zone ethanol in A.
negundo and Q. phellos while S. nigra trended towards increased net
photosynthesis. Significance indicated by *.
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Fig. 2 Transpiration rate decreased in response to 2000 mg/L ethanol applied at
the root-zone. Significance indicated by *.
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Fig. 3 Internal carbon concentration increased in response to three root-zone
concentrations of ethanol in three wetland trees. Significance indicated by *.
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Fig. 4 Allocation of resources in three wetland trees shifted to roots in response
to three root-zone ethanol concentrations. Significance indicated by *.
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Fig.5 Changes in aerenchyma development, measured as increases in root
porosity, in three wetland trees exposed to three levels of exogenous ethanol at
the root-zone. Significance indicated by *.
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Chapter 7
Expansigenous Honeycomb Aerenchyma Formation in Salix nigra
Adventitious Roots
Introduction
Although aerenchyma tissue formation has been examined in many species
(i.e., Seago et al. 2005), this study is the first to examine its development in Salix
nigra, a woody species ubiquitous in southeastern U.S. bottomland hardwood
forests. Aerenchyma is a specialized parenchyma tissue that forms air passages
to facilitate the transport of 02 from shoots to roots (Grosse et al. 1991), an
important adaptive response (Chen et al. 2002; Evans 2003) in alleviating O2deficiency within roots (Pezeshki 1991, 1993). The primary function of
aerenchyma may be reducing metabolic oxygen demands of the plant by
reducing the volume of respiring tissue, thus lowering the metabolic demands of
the plan (Maricle and Lee 2002). Aerenchyma also enables gases (e.g., carbondioxide, ethylene, methane) produced by the roots, and/or by soil
microorganisms, to vent to the atmosphere (Colmer 2003a). However,
aerenchyma formation has associated costs, such as impeded water and mineral
uptake and transport due to the elimination of root cortex tissue (Moog 1998).
Up to 60% of a plant’s root, shoot, and leaf cortex consists of aerenchyma
tissue (Armstrong, 1979), allowing O2 to be transported at up to twice the rate
required for root metabolism (Teal and Kanwisher 1966). Oxygen in excess of
that needed for metabolism can also be released to the rhizosphere where it can
oxidize phytotoxins (e.g. Fe2+, Mn2+, S2−) to less harmful chemical species
(Mendelssohn and Postek 1982; Lee et al. 1999).
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Aerenchyma development follows one of two major pathways. Lysigenous
aerenchyma development is a result of programmed cell death (PCD) (Bouranis
et al. 2003) and is found in many crops, including barley (Arikado and Adachi
1955), wheat (Trought and Drew 1980), rice (Justin and Armstrong 1991) and
maize (Drew et al. 1997). Lysigenous aerenchyma has been reported to form in
response to sudden flooding (Gladish and Niki 2000, 2001) and to other abiotic
stresses (Dat et al. 2003). Lysigenous development is apparently a more rapid
developmental response to sudden stress than cell separation that begins with
O2 starvation. Hypoxic soil conditions induce the synthesis of the ethylene from
its precursor, 1-aminocyclopropane-1-carboxylic acid (ACC) (Kende 1993) and
ethylene/ACC exposure promotes the synthesis of lysigenous aerenchyma in
many wetland plants (Kawase 1976, 1978).
Mühlenbock et al. (2007) reported that lisigenous aerenchyma development
in Arabidopsis thaliana in response to hypoxia both involves H2O2 and ethylene
signaling and depends on the plant defense regulators. While two varieties of
Oryza sativa each have constitutive lysigenous aerenchyma formation, ethylene
controls the development in the fast-elongating ‘Arborio Precoce’ variety while
radial oxygen species accumulation plays a role in the ‘FR13A’ variety.
Furthermore, H2O2 levels increased in ‘FR13A’ but not in ‘Arborio Precoce’
(Parlani et al. 2011).
Schizogenous aerenchyma forms via cell wall separation, without PCD,
which creates intercellular space (Smirnoff and Crawford 1983). Schizogenous
aerenchyma is usually constitutive but its formation can be enhanced under
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hypoxic conditions (Visser et al. 2003) and is present in most wetland plants
(James et al. 2005), particularly dicots, e.g., Rumex (Laan et al. 1989) and
Nelumbo luteu (Seago et al. 2005).
Aerenchyma can form within cortical and secondary tissues (Justin and
Armstrong 1987) and often develops in both tissue types within the same plant
(Justin and Armstrong 1987; Drew et al. 2000). Pires et al. (2002) reported
adventitious roots of soybeans develop lysigenous aerenchyma within the cortex.
In soybeans grown under flooded conditions schizogamous aerenchyma
develops followed by lysigenous aerenchyma formation in the cortex (Thomas et
al. 2005), which in turn is replaced by secondary aerenchyma (Shimamura et al.
2003).
Expansigenous aerenchyma likewise forms via schizogeny (Soukup et al.
2002). In this case unequal mitosis and expansion of cells surrounding
intercellular spaces lead to enlargement of these intercellular spaces into
hexagonal shapes (Seago et al. 2000) giving a honeycomb appearance, hence it
is also termed honeycomb expansigeny (Seago et al. 2005).
While schizogenous and lysigenous aerenchyma are clearly not present in
the most basal flowering plants, expansigenous aerenchyma is characteristic of
all aquatic basal angiosperms (the Nymphaeales) and basal monocots (the
Acorales) (James et al. 2005).
Response of the neotropical tree Erythrina speciosa to flooding involves
increasing soluble sugars and amino acids which are coupled to the development
of expansigenous aerenchyma tissue (Medina et al. 2009). Expansigenous
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aerenchyma develops due to ethylene stimulating the unique radial elongation of
cells (Millenar et al. 2005; Shimamura et al. 2007).This possibly helps to explain
the much higher radial oxygen loss found in species with expansigenous
aerenchyma in comparison with lysigenous structural types (Striker et al. 2007).
S. nigra is a wetland species used for wetland restoration and streambank
stabilization, and like other wetland species has the ability to develop
aerenchyma tissue to relieve 02 stress to the roots (Schussler and Longstreth
2000; Gibberd et al. 2001). As with many wetland species, aerenchyma
development in S. nigra is constitutive (Smirnoff and Crawford 1983; Evans
2003; Li et al. 2006), developing in the absence of environmental stimuli.
Adventitious roots typically contain aerenchyma (Jackson and Drew 1984;
Colmer 2003b).
Materials and Methods
S. nigra shoots were collected from the Coldwater River floodplain in
northern Mississippi, trimmed of all branches and cut to a uniform length of 10
cm with a basal diameter of 5 mm. The cuttings were grown hydroponically in a
nutrient solution (i.e., Fan et al., 2003). Adventitious roots were harvested after
two weeks and a segment was cut 4 mm from the tip, mounted, and examined
using an environmental scanning electron microscope (Model JSM-840, JEOL
Applications Laboratory, Palo Alto, CA, USA).
Results
Examination of S. nigra adventitious roots using an Environmental Scanning
Electron Microscope revealed the cell walls separated within the root tip without
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the occurrence of PCD. This separation of the cell walls combined with the
honeycomb arrangement of cells is typical of expansigenous aerenchyma
development (Fig. 1).
Discussion
Schizogenous aerenchyma is developmentally regulated, developing
independently of external stimuli (Evans 2003), as in S. nigra where aerenchyma
tissue develops regardless of external stimuli but is able to increase the rate of
development if there are changes in stimuli. Expansigenous aerenchyma is a
type of schizogenous aerenchyma that is characterized by intercellular gas
spaces that develop through cell division and cell enlargement (Tucker et al.
2011) and as such has been termed secondary aerenchyma.
As new cell divisions in the pericycle give rise to spongier parenchymous
tissue, this spongy tissue displaces the cortex and causes it to break away from
the body of the plant (Thomas et al. 2005). The cell wall radial elongation
associated with this displacement (Shimamura et al. 2007) results in an
aerenchyma tissue with a honeycomb apparance such as recorded by electron
microscopy in S. nigra (Fig. 1).
A possible partial explanation for expansigenous aerenchyma development
in Salix species is the involvement of factors other than ACC synthase or ACC
oxidase induction (Mano et al. 2006). Li et al. (2003) reported that expansins are
involved in the loosening of cell walls. The scanning electron image of a S. nigra
root tip (Fig. 1) clearly indicates aerenchyma formation in this species is via the

169

expansigenous route as there is no evidence of PCD or other wall degradation
events.
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Figures

Figure 1: Environmental scanning electron microscopy photograph of S. nigra
adventitious root 4 mm back from tip showing expansigenous honeycomb
aerenchyma tissue.
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Chapter 8
Conclusions
The previous chapters consisted of a series of laboratory and greenhouse
experiments that quantified the effects of select global change factors on
seedlings of woody species of the southeastern bottomland hardwood forests.
These experiments examined the leaf and root responses of three species, Salix
nigra, Acer negundo, and Quercus phellos, to anthropogenic-generated stressors
affecting woody species as well as examining tools to enhance the survival of
cutting used to stabilize streambanks and re-establish wetlands. The final
chapter reports on the specific pathway used in the development of aerenchyma
tissue. The conclusions from these experiments are synthesized below.
S. nigra responded to UV-B exposure (F2,42 = 11.45; p = 0.0001), copper
exposure (F2,42 = 6.14; p = 0.0046), and increased soil temperature by increasing
root porosity (F2,40 = 56.57; p < 0.0001), which indicates an increase in
aerenchyma tissue development. An increase in aerenchyma tissue formation is
symptomatic of plant stress. Hence exposure to UV-B and exposure to Cu is one
of many factors that are detrimental to growth and survival because resources
are being allocated to counter-act the effects of the stressors. Furthermore, the
concomitant decrease in total biomass in response to UV-B (F2,43 = 3.36; p =
0.0441) and to copper exposure (F2,43 = 4.03; p = 0.0249) is indicative of the
adverse effects these stressors are exerting on S. nigra cuttings. This decline in
biomass is an indication that net photosynthesis has possibly decreased due to
either morphological or physiological damage to the leaf structure or the
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photosynthetic machinery (in the case of UV-B exposure), or morphological or
physiological damage to the root (in the case of Cu exposure).
Copper exposure resulted in a decrease in the number of leaves/shoot (F2,42
= 7.03; P = 0.0023) indicating resources normally relegated to growth and
development possibly being re-allocated to isolate or detoxify Cu entering the
xylem flow. Likewise root biomass decreased in response to Cu (F 2,41 = 3.41; p
= 0.0427) resulting in a decrease in the root/shoot ratio (F2,42 = 3.5; p = 0.0393).
Declining root biomass indicates a cessation or slowing of root growth, leading to
insufficient root capacity to function as a major sink for carbohydrates.
Carbohydrate buildup can lead to a decline in net photosynthesis due to the
negative feedback inhibition.
While the data indicates that both UV-B and Cu negatively affect S. nigra
growth, and over time could influence survival, no interaction was found between
UV-B and Cu.
Along with increasing aerenchyma development, S. nigra responded to
increased soil temperature by increasing internal CO2 concentration (F2,27 =
27.36; P < 0.0001) while decreasing stomatal conductance (F2,27 = 3.728; P =
0.037), transpiration rate (F2,27 = 5.084; P = 0.013), which resulted in a decrease
in net photosynthesis (F2,27 = 14.07; P < 0.0001). Data indicates the global
increase in temperature, which will be reflected in increased soil temperature,
negatively affecting the physiology and morphology of S. nigra, and possibly the
survival of the species.

177

For insight into how the increase in herbivorous insect populations and rising
global temperatures effect wetland species, Q. phellos was exposed to increased
root-zone temperature with a concomitant increase in simulated herbivory. Q.
phellos responded to the combination of herbivory and increased soil
temperature by increasing foliage production at the expense of the root system.
Although foliage increased, shoot biomass decreased when compared with the
controls and when combined with decreased root biomass translated into a less
robust tree with fewer energy reserves. Q. phellos responded to herbivory and
increased soil temperature with decreases in stomatal conductance, transpiration
rate, and net photosynthesis while leaf internal CO2 concentration increased. The
implications are wetland tree species will experience losses across their range in
response to global warming and the associated increase in herbivorous insects.
As a component of blended gasoline, ethanol is a serious environmental
contaminant in areas where spillage has occurred. A laboratory study was
conducted to quantify the responses of three woody species, S. nigra, A.
negundo and Q. phellos, to root-zone ethanol.
S. nigra shifted resource allocation to the roots, without changes in total
biomass, in response to exogenous ethanol with no significant change in
photosynthetic rate or transpiration rate. Although A. negundo and Q. phellos
shifted resource allocation to the roots without changes in total biomass, with
these two species photosynthesis, transpiration rate, and stomatal conductance
decreased while leaf internal CO2 concentration increased in response to stress
imposed at the root level by exogenous ethanol.
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The shifting of resources without changes in photosynthesis by S. nigra in
response to 1000 mg and 2000 mg exogenous ethanol makes this species useful
in remediation projects, whereas A. negundo and Q. phellos, although from the
same wetland community as S. nigra, show decreased photosynthesis in
response to the same environmentally relevant concentrations of root-zone
ethanol which would affect their long-term survival.
A relatively quick, easy, and inexpensive method of introducing wetland trees
for restoration and streambank stabilization projects is to use cuttings – shoots
cut to length and from which all branches have been removed. For success of
cuttings, trees capable of adventitious rooting, such as S. nigra and A. negundo,
are required. Because cutting survival is problematic even with pre-soaking
regimes, supplying an exogenous energy source to the cuttings while presoaking was hypothesized to enhance survival rate. Pre-soaking A. negundo and
S. nigra cutting in dilute sucrose solutions (2% and 4%) significantly increased
adventitious root formation, root growth, cutting survival, root porosity, and
shifted resource allocations to the roots.
The enhanced growth and survivorability resulting from pre-soaking cuttings
in dilute sucrose solutions before transplanting should prove to be a useful tool in
restoration and stabilization projects.
Examination of S. nigra adventitious roots using an Environmental Scanning
Electron Microscope revealed the honeycomb arrangement of cells typical of
expansigenous aerenchyma development.
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The present research indicated the changes occurring in the global
environment due to man’s influence effects woody species of the southeastern
bottomland hardwood forests differently. The more stress-tolerant species and
those with a weedy life-strategy could conceivably replace the less tolerant
species, such as Q. phellos, and thereby decrease the biodiversity of these
wetland forests leading to increasing instability of these communities. This
instability could lead to the introduction of new species resulting in both
community and environmental change. Changing local environments could
impact the global environment through factors such as changes in
evapotranspiration leading to altered precipitation patterns which further impact
environments both near and far.
With climate change modeling predicting increasing temperatures globally
along with rising sea levels, future research needs to include various scenarios of
change that examines interactive effects. For example, the response of wetland
plant species to: increased soil temperature and enhanced UV-B exposure,
increased salinity and increased ambient temperature, increased herbivory and
enhanced UV-B exposure, and the effect of herbivory and changing hydrologic
regimes.
At the genetic level, PCR and gel electrophoresis techniques can be used to
establish the phylogeny between woody wetland species in regards to the
various pathways involved in aerenchyma development.
Research has shown that oxygen is lost from roots containing aerenchyma
tissue, thus root-zone soil should be examined to determine what compounds
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“leak” from these roots and how these compounds influence soil condition and
the growth of species, both woody and herbaceous, that utilize this soil in the
future.
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